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CRYSTAL CROVTTH OF DEVICE QUALITY CaAs IN SPACE 
X. SUKHASY 

R€C«nt developnenta In G«As device technology have cleatXy established 
the unique role of CaAs in high speed devices* integrated circuits, and opto» 
electronic nyatena fox coosserclal and governaental applications. At the sane 
tlae, it has beconw apparent that further advanceswnts and the transition to 
the next generation of electronic devices hinges on new quencu* steps in three 
interrelated areas: crystal growth, device processing and device-related proper- 
ties end phenoowna. Our GaAs research evolves about these key thrust areas. 

The overall progran conbineat (1) studies of crystal growth on novel approaches 
to engineering of seaiconductor ■atcrial (i.e., CaAs and related compounds); 

(2) Investigation and correlation of materials properties and electronic charac- 
teristics on a macro- and aicroaeale; (3) investigation of electronic properties 
and phenoswns controlling device applications and device performance. 

It la becoming rapidly very clear, primarily on the basis of our work, but 
also on the basis of that of the others, that each melt-arown CaAs electronic 
quality cannot exceed a modest level which is theoretically dictated by the 
unavoidable inclusion of Ga and As vacanctes . 

Our effort is aimed at the essential ground-based prograni which would 
insure successful experimentation with and eventually processing of GaAs in 
a near-eero gravity environment. Ve further believe that this program addresses 
in a unique way materials engineering aspects which bear directly on the future 
^ exploitation of the potential of GaAs and related suterlals in device and systems 

applications. We will sumnarisc below the last two-year developments of our pro- 
i gram. An overall summary of the major developments in the course of this in- 

vestigation is given in Table I. 

Our recent discovery that stoichiometry is a fundamental factor affecting 
structural and electronic properties of melt-grown GaAs has suide a major impact 


TABLE I 


PKOGRESS TO BATE - SUMtAKY OF HAJOR OEVELOPHENIS 
(Shaded areas Indicate the aost important achievements In. Che last two years) 


Develop neat 


Cogments 


Publtcatlcms 


LPEE-Llqald Phase 1. 
Elect roepitaigr 2. 

3, 



'• MELT GROHIH 1. 

) 

h 

2 . 


Growth Kinetics Model 
Dopant Segregation Model 
Model of Mulclcog^oaeat 
Systems 

Interface Stability Model 

In-. situ Monitoring of 
Growth 


Growth of Bulk Crystals 


Growth in Space Environaeat 


Construction of Advanced 
GaAs Melt-Growth System 


Growth of n-type Dislocation- 
Free GaAs 


3. Growth of Electron Trap- 
Free GaAs 





4. Identification of the Role 
of Oxygen in Melt Growth of 
GaAs 

V • 


Theoretical model was de-i%loped whidh explains 
experimental LPEE characteristics. The model is 
based on a mass transport process wi th 
two driving forces: solute electromigration and the 
Peltier Effect. 

Successful in- situ monitoring of the growth velocity 
was realized for the first time in LPE using the 
contactless LPEE configuraCion. 

LPEE process was successfully extended to a growth 
of bulk crystals of the thickness of the order of 
1 mm. 

LPEE process was selected in 1983 in order to 
realize the growth of GaAs in Space. Further R&D 
effort in this area Is realized under a sponsor- 
ship of Microgravtty Research Associates, 


Advanced system has been designed i constructed for 
horizontal and/or vertical growth of GaAs. The system 
provides unique feasibility foe conttolliag and 
monitoring growth parameters. 

Utilizing precise control of As pressure above the 
aelt we have achieved reproducible growth of dislo- 
catlm-free GaAs in a horizontal Bridgman configuration. 

Growth conditions were discovered which lead to 
aielt-grown GaAs of superior structural & electronic 
properties. For the first time electron trap-free 
bulk GaAs was achieved. 

Oxygen has been identified as a constituent of 
growth system which affects electronic and stuctual 
properties of GaAs. 


1-10 


I 


(v> 

I 


11 , 12 


12, 13 


14, 15 


16, 17 








PROGRESS TO DATE - SUMWAmr OF HAJOR DEVEU3PMESTS 


(Shaded areas indicate the most in^ortant achievements in the last two years) 


Dsyfeiopment 


Conanents 


Fubllcatloiw 


MELT GROWTH (cont.) 5, 




PROPERTIES ADD 1, 

PHENOMENA 



Role o± Stoichiometry 


Relationships between Elec- 
tronic Properties & Melt- 
Growth Conditions on Micro- 
Scale 

Stoichiometry controlled 
segregation; 


Stoichiometry was identified as a fundamental factor 12-20 
controlling structural & electronic properties of GaAs. 


Hlcroprofiles of electron & ionized impurity con- 11-19, 21 

centrations in melt-grown GaAs were obtained for 
the first time. 


It was shown that impurity segregation in melt- 11, 21 

grown GaAs is governed by amphoteric doping and 
deviation from stoichiometry. 


S. Interaction between Epi- 
taxial Layer & Substrate 


4. Growth-Property Relation- 
ships in Epitaxial Growth 

■ 

^■S. Stoichloiaetry controlled 
deep levels 


It was demonstrated that outdlffusion of recom- 22 

binatlon centers from the substrate into LEP layers 

during growth process takes place. Growth conditions ' 

were fomolated to mlnlnize outdlffusion 

I 

It was found that growth rate variations have sig- 23, 24 

nificant effect on the formation of recombination centers 
in GaAs. 

A direct relationship was established between As 15 

atom fraction in the melt and the COTcentratlon of 
electron traps in GaAs. 


6. Stoichiometry controlled 
dislocation density 



Oxygen related midgap 
level 

Origin and properties 
of Major Electron Trap in 
GaAs 


It was found that an optiimin stoichlomecry defined by 
arsenic source temperature 617-618 C corresponds to a 
ainlimia dislocation density 

We have unambiguously Identified the oxygen related 
deep level ELO at 0.825 eV below the conduction band. 

0.82 eV electron trap in GaAs has been Identified as 

native defect complex involving the antlslte As_ 

Ga 


20 


16 

15, 25-23 







TABLE 1 

PROGRESS TO DATE - SUMMARY OF MAJOR DEVELOPMENTS 
(Shaded areas indicate the most important achievements in the last two years) 


Developaenc 

PROPERTIES AMD Hp. Passivation of Deep Levels 
PBEN(HfENA (cont.^H by Hydrogen 


CaDunencs 


It was found that a concentration of the major 
deep level in GaAs can be effectively controlled by 
atonic hydrogen introduced by a standard plasma 
treatment. 


10 . 



Optoelectronic Properties 
of InP 

Interface States 


GaAs'-Anodlc Oxide 
Interface 


Catbodolumlnescence studies of InP vers completed 


Surface states on GaAs-anodic oxide Interface were 
determined with modified DLTS 

A gigantic (diotoionization effect on GaAs~oxide 
interfaces was discovered. Utilizing this phenom- 
enon it vas shorn, for the first time, that both 
deep & shallow interface states originate frcw 
Ga and As vacancies. 


CBARACTERIZATION 1. Characterization methods Quantitative methods were developed 

based on electron mobility and for detennlaation of compensation ratio in GaAs 
free carrier absorption and InP 


2. IR Scanning Absorption Quantitative method was developed for mlcroproflling 

of carrier concentration & compensation ratio through 
free carrier absorption 


3. Derivative Surface 

Fhotovoltage and Photocapac- 
itance Spectroscopies 

1 4. Characterization of Semi- 
Insulating Ga/iS 


New Approach was developed for determination of deep 
levels, band structure amd shallow impurites 


A rigorous procedure was developed for the detertalna- 
tlon of Ionized impurity concentration from transport 
measurements in SI material 


Publications 

29 

30 

31 

32-37 

I 

I 

3B-44 

21 

45-47, 

48 


SEM-Cathodolumlnescence 


Advanced variable temperature system was set up for 
catbodolumlnescence mlcroproflling of defects, impuri- 
ties & carrier concentration 


30 



PROGRESS TO DATE - SDHMARY OF MAJOR DEVELOPMEHTS 
(Shaded areas Indicate the most important achievements in the last two years) 


Development 


Comments 


Pablicatlons 


CHAMCTERIZATION 

(cone.) 


6. SEK-Eleetran Beam-Induced 
Current 


Variable temperature system was set up for instantaneous 
profiling of diffusion length 


7. Laser Scanning Photovoltage Photovoltage nicropro filing was developed for studying 

homogeneity of semi- Insulating GaAs 


INTERACTION WITH 
INDUSTRIAL ORGM- 
tZATIONS 


1. Workshops, 1977 
1981 


Workshops were held with representatives of leading 49 

industrial & educational institutions devoted to the 
assessment of present status, major problems & future 
prospects for GaAs growth & applications 


2 . 



Literature Survey, 1977 
1982 


Exposure of the Program 
to Scientific Comnunity 


Working Contacts 


The literature survey on GaAs was updated identifying 
the leading organization & most important trends in 

GaAs research and development i 

The present program and its major developments were 19, 49, 50 | 

exposed to the scientific community throagfa a series 
of seminars given In industrial organizations (RCA, 

Texas Instruments, Hewlett-Packard, Hughes Int'l., 

Xerox, Eastman Kodak, Fujitsu Laboratories, NTT, etc.), 
presentations at scientific meetings aud/or direct 
contacts with individual scientists 

Contacts were established with industrial organizations 
in the area of GaAs characterization, growth & device 
applications. Material supplied by Industrial organisa- 
tions has been characterized on many occasions 

Interaction with Hicrogravity Research Associates was established 
and aimed at the growth of GaAs in a space environment. 



on G«A« research and development prograas$ in induetty and universities, tfe 
have established^ for example, that deviations from atolchionetry control 
dislocation density, concentration of point defects, related deep levels, and 
the amphoteric behavior of impurities. This discovery has also led to the Identi- 
fication of the causes of ir reproducible growth and of the lack of precise 
control of the electronic properties of bulk CaAs. We have shown for the first 
time that these processes are linked directly to stoichiometry-induced defects 
and tht'ir interactions during the poat-oolidlfication cooling. 

Every industrial and academic facility is incorporatiug our stoichiometry 
finding into its OaAs crystal srowth program . 

We have significantly advanced our understanding of the rola of oxygen in 
melt-grown GaAs and especially of achieving semi-insulating material. We have 
shown that oxj'gen reduces the concentration of shallow ailicon donors, and it 
also is Involved in the creation of the midgap level. Our microscopic model 
of the major deep donor level ELZ (l.e., arsenic on gallium site plus araenic 
vacancy) enabled for the first time the consistenr. explanation of the unique 
electronic properties of the EL2 and its sensitivity to the growth conditions, 
the above results bear directly on processes leading to seml-lnsulating behavior 
of GaAs, and thus are of fundamental Importance in the pursuit of significantly 
Improved quality GaAs for high-speed 1C applications. 

In electroepltaxlal growth we have completed the development of a unified 
theoretical treatment which explains quantitatively the unique growth kinetics, 
the segregation behavior, and the gurphological atabiXlty. We have demonstrated 
the feasibility of electroepltaxlal growth of bulk crystals. Further work on 
electroepitaxy will be devoted to adaptation and optimization of the LPEE growth 
in space. The support of this part of the investigation has been undertaken by 
Hlcrogravlty Keuearch Associates (MRA) in accord with the MRA-NA8A Joint endeavor. 



We have completed the study of electrical and photo-electrical properties 
of GoAs-anodlc oxide interfaces. Our interface-state model involving discrete 
deep and shallow levels (originating from oxidation-induced defects) made it 
possible to consistently explain hysteresis and anomalous frequency responses 
of GaAs MOS structures. We have successfully initiated a theoretical study 
of electron mobility limits of GaAs ultra-high-speed devices (specifically 
the HEMT-Hlgh Electron Mobility Transistor). Thus, we have developed a mobility 
model suitable for the treatiutent of transport properties of a two-dimensional 
gas confined in a triangular quantum well. 

Our electronic characterization facility was extensively utilized to assess 
the quality of bulk and epitaxial GaAs and to study the relationships of elec- 
tronic properties and growth parameters. Characterization techniques based on 
analysis of free carrier nobility were extended to aemi-insulating (SI) GaAs 
and also to p-type material, i.e., to cases particularly important for XC 
applications. 

Our study of melt growth will be extended to the assessment of relationships 
between growth conditions and structural and electronic properties of GaAs. 
Particular emphasis will be placed on the growth of Improved quality semi- 
insulating material. He believe that it is of paramount importance to Identify 
and eventually control stoichiometry-induced defect interactions which limit the 
structttral and electroric quality of SI GaAs in a macro- and microscale. These 
interactions and related microscopic homogeneity are considered particularly 
important for the transition to the next generation of GaAs Integrated circuits. 

Our electronic charsctexizatlan facility is being csad>ined with Impurity 
and structural analysis for optimizing the establishment of growth-property 
relationships, assessing electronic properties and studying their role in 
device applications. This characterization fscility is being updated according 



- 8 •' 

to recently energed needs end developments. Techniques for mlcroscele 
characterization and for high resolution tvo-dimenaional mapping (based on 
scanning IR absorption and various SEM modes) are being refined through our 
most recent theoretical and experimental studies and computerized data processing. 

Our discoveries of stoichiometry- Induced defects and 'chelr paramount role 
in controlling all essential structural and electronic properties of GaAs has 
brought about significant implications for space processing of semiconducting 
compounds which have not been previously recognized. For example, classical 
segregation kinetics, applicable to processing of elemental semiconductors in 
space, are not applicable to CaAs processing. These implications are being 
studied in conjunction with a search for a melt-growth configuration compatible 
with space environment. We are convinced that our program is essential for 
arriving at new approaches which will ensure successful experimentation with 
and processing of GaAs and other semiconductor compounds under zero gravity 
conditions. We also believe that this program will continue to impact the 
overall national program on GaAs growth and applications through the advancement 
of knowledge and development of new growth and processing techniques, and 
extensive electronic characterization. 


If 
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II. PROGKESS TO DATE 

11. 1. Introduction 

Since the initiation of this investigation we have succeeded in the 
development of unique crystal growth approaches, new effective techniques for 
a macro- and microscale characterization of key electronic properties and in 
the discovery of new phenomena and processes relevant to GaAs device applications. 
Growth-property relationships established for the first time have led us to 
defining stoichioaietry as a fvmdaaental factor controlling structural and elec- 
tronic properties of GaAs and to the growth of bulk GaAs of improved quality 
(dislocation-free and electron trap-free material) . Table I summarizes the 
major achievements. Detailed discussion is given in our publications and our 
annual reports. In the "Progress to Date" section of this proposal a brief 
outline of our most significant developments during the last three years will 
be presented, so that last, year's findings can be viewed in better perspective, 

11.2. Crystal Growth 

In our crystal growth studies we have thus far concentrated on two 
approaches: liquid phase electroepitaxy and Bridgman- type growth from the melt. 

The original selection of these techniques was made on the basis of their compati- 
bility with space environment and also because they lend themselves to the 
control of the growth process and thus to the study of growth-propprty 
relationships . 

Ve have completed the fundamental study on electroepitaxy. Results of 
this study provide the basis fox the development of an LPE£ apparatus for the 
growth of bulk crystals in space. Related ground-based research will be 
carried out by our Electronic Materials Group at MIT under the sponsorship of 
Hicrogravity l^esearch Associates, 



During the last three years ve have greun about 100 CaAs crystals 
utilizing our unique Bridgman-type apparatus especially designed and con- 
structed £ot the investigation of relationships between crystal growth para- 
meters and electronic and structural properties. Th^ results of these studies 
turned out to be of major significance, as they have led, for the first time, 
to the establishment of growth- property relationships of fundamental importance 
for obtaining undoped dislocation- free CaAs and electron trap- free shallow donor 
doped GaAs. These relationships made it possible to resolve Che origin of the 
dominating deep levels and elucidate the role of oxygen in obtaining undoped 
semi- insulating GaAs. 

11.2.3. Growth-Property Relationships — Critical Role of Stoichiometry 
In our growth expeciisents the stotchioraetry was varied by varying the 
arsenic source temperature, T^, which In Cum controls the arsenic pressure 
over the melt and thus* the melt composition. A typical range of T^, 610-628*C, 
corresponded to melt composlclon (determined by arsenic-to-galllum ratio) 
changes from 0.52 to 0.485. 

Dislocation Density . We have found that the dislocation density Is a 

very sensitive function of Typical results are shown in Fig. 1-2 . 

They demonstrate that dislocation etch pit density (revealed by etching in 

a molten ROU) exhibits minimum concentration for T,^-617°C. In a number of 

crystal grouch experiments we have confirmed the importance of these optimum 

stoichiometry conditions. Tlivis, undoped crystals routinely grown under these 

optimum conditions eodvlbited dislocation density below 500. Doping at the 
17 —3 

level of 10 cm with shallow donors suppressed dislocation density to values 

below 100 cm , i.e. , to values referred to as corresponding to ^'dislocation 

17 -3 

free" material. Doping with shallow acceptors at a concentration above 10 cm 

t 

was found to enhance the formation of dislocations* as shown in Fig. 3. 
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Figure 1. Dislocation in segments of GaAs p-type crystals grown 
under different As source temperature for low and high 
hole concentration, respectively. 
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Figure 2. 





. DlslocutlonB are eonaonly known to play a detrinencal 
role la CaAa Integrated circuits. Accordingly, the estab> 
lishment of growth conditions yielding alnlnum dislocation 
density can be considered as a significant step Coward the 
growth of inproved device quality GaAs bulk crystals. Ve 
also believe chat this finding will bceone of critical 
Inportance in future stages of crystal growth developments 
as ocher factors contributing to dislocation formation 
during post-solidification (e.g., thermal stress during 
cooling) are addressed in conjunction with large diameter 
crystals . 

Impurity Sezregation . The optimum arsenic source 
temperature 6l7*C was also found to yield the lowest compen- 
sation ratio and the highest electron mobility value of n-cype 
GaAs crystals. Thus, these results shoved chat deviation 
from stoichiometry is a contributing factor to the amphoteric 
behavior of shallow impurities in melt-grown GaAs crystals. 

In earlier studies we have observed unique spaclal variations 
which could not be explained on the basis of classic segre- 
gation kinecica controlled by the microscopic growth rate. 
Representative results are shown in Fig. 4a where the carrier 
concentration undergoes significant variations, whereas 
the concentration of the 
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Figure Aa. Electron concentracion and 
Ionized impurity microprofllei of G«- 
doped melc-grovn CaAa obtained with 
a canning IH abaorption ape ctroa copy. 
Note different behavior of and N^. 



Figure 4b. Scoichlooecry-lndueed 
ehwigef! in incorpocacion of 
dcnci'S) and aceepcers. Mote 
riallarity to Wg. 2a. 


w 




doj^ans impurity remains essencially constant. As seen In Ti$. Ab» 

similar behavior la caused by changes In arsenic pressure. 

Deep Levels . The arsenic pressure was also found to control the concen- 
tration of a major deep level. EL2. Typical dependence of the Et2 concentra- 
tion on obtained for unintentionally doped GaAs is presented In Fig. S. 

It is seen that the concentration of the SL2 decreases in going from arsenic- 
rich Co galllum*rich growth conditions. This finding proves chat arsenic- rich 
conditions are most desired for the growth of undoped semi- insulating GaAs 
which requires a high concentration of EL2. Such behavior has been Indeed 
observed in a recent study of Liquid- Eneapsulated Csochralski growth of semi- 
insulating GaAs. 

II. 2. b. Poat-Solidlficatlon Processes; Role of Inmuritles 

the stolehionetry effecta discussed above are caused by native defects 
genetaCed during Che solidification process. Upon post-solldlflcation cooling 
of Che crystal these defects Interact and font other defects and defect complexes 
which determine the final properties of the as-grown etyacal and also its 
behavior during subsequent heat treatment involved in device processing. In 
our study ve have employed Intentional doping in order to distinguish between 
solidification effects and the post-soIldlficatlon phenomena (during cooling 
of Che crystal) . It is a general feature of the post-solidlflcetlon defect 
Interactions in GaAs chat they are affected by shallow donors or acceptors, 
irrespective of Che lattice-site the dopant occupies. Furthermore, the threshold 
dopant concancraclon determines the criticej. temperature range at which the 
poac-BolidificaCion interactions cake place. 

Our finding chat the EL2 level as well as dislocations are annihilated 
by shallow donors provides unique evidence of Che above behavior. The effects 




Fig. 5. Concentraliofi of Ihe 0.75eV deep ievei (EL2) vs. 
Ihe arsenic source lerr^^oture Hji,) 
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of doping on th« EL2 level Here adequately explained i.y our microscopic 

model of this center identifying the EL2 with a complex consisting of an 

antislce defect (arsenic on a gallium site) and an arsenic vacancy, 

This complex (shown In Fig. 6) is formed during the migration of a gallium 

vacancy to a neighboring arsenic site. The pertinent reaction of charge 
m * 4 **^ * 4 ” 

defects Is '^ca*'*®As^^*Ga ‘*’'^as*'*^* ' *'*'* concentration of the EL2 center 

TAs V —4 

Ga As] Is proportional to n where n Is the electren concentration at ele-> 
vated temperature. By increasing n above the intrinsic concentration, the 
El.2 level is effectively suppressed and annihilated as pointed out above. 

From the threshold value of electron concentration, it is concluded that the 
formation of the 0.82 eV deep level takes place at temperatures below about 
1050 K, l.e. , during the post-growth cooling In the case of melt-grown GoAs. 

IX. 2. c. The Role of Oxygen In Melt Growth of GaAs 

Semi- insulating GaAs (i.e.. the material ussd in advanced ZC applications) 
is grown with Ga or As oxides added to the melt or with boric acid used as a 
liquid encapsulant. Our study has been devoted to the establishment of the role 
of oxygen In the growth of SI material, and especially to the verification of 
(i) SI gettering by oxygen and (11) the effect of oxygen on deep levels. 

Getterlng of Si . Our experimental results on the Si concentration In 
CsAs as a function of the amount of 6028^ added to the charge material is given 
In Fig. 7 for two source materials containing large (eource A) and small amounts 
(source B) of silicon. It is seen that for source B the concentration of Si 
in the cryscale is about 200 tlme^ higher than the Si concentration in the 
SO' tree. The contamination with Si resulti from the chemical interaction of 
gallium in the melt with the quartz boat: 
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^ ®*<ln melt) ^ *^* 2 °(vapor)'*’ ®^(in neit) 

According to this reaction, the Si concentration in the nelt is controlled 

by the vapor pressure of Ga 20 . The addition of any oxygen conpound vhich 

tipon Interaction with GaAs fotos G 82 O, increases the Ga^O pressure, and 

thus reduces the silicon contamination, Consequently, the reduction of the 

SI concentration by ^^ 2^3 case of the source A, oust be interpreted 

as purification of the melt, via reaction ( 1 ) proceeding from right to left. 

SIMS analysis showed that oxygen is not Incorporatedlnto GaAs at con- 

i6 “S 

centratlons exceeding a few times 10 cm , Thus, It appears that all of 
the oxygen participates In the fomation of the volatile Ga^O, which suppresses 

Si contamination froiq the quartz, and even removes SI from the melt. 

» 

Oxygen-Related Deep Level . Employing Bridgman-grown crystals with con- 
trolled oxygen doping we have successfully Identified an oxygen-related deep 
levels ELOe The activation energy <825 « 5 ®eV) of ELO is almost the same as 
chat of the dominant mtdgap level, EL2 (B15 - 2 meV). This fact impedes the 
identification of ELO by standard DLTS, However, we found that the electron 
capture cross section of ELO is about four times greater than that of EI2. 

This characteristic served as the basis for the sepa 7 :ation and quantitative 
investigation of ELO employing detailed capacitance transient measurements 
in conjunction with reference measurements on crystals grown without oxygen 

doping and containing only EL2. Emission rate thermal activation plot T^e'^ vs. 

« 

3 

10 /T for EL2 and for the oxygen- related level, ELO, is presented In Fig. 8 . 

Our experimental data for EL2 span over about 7 orders of magnitude, 

i.e. , s much greater range than any previous study. Leaet square analysis 

yielded, for EL2, an activation energy of 815 - 2 meV and an electron cross 
+ "‘13 2 

flection * (le2 ** 0*1) x 10 cm • We consider these values more accnrate* 
na 

V 





than any previously published. Eisisslon rate data for ELO obtained with the 
transient separation method are presented here for the first tine. The activa- 
tion energy is 825 - S neV and the capture cross section o • (4.8 - 0.6) 

It is seen that the energies of ELO and £L2 are virtually the same. However, 
the capture cross section of ELO is four times greater than that of EL2 which 
offers the only means for distinguishing between these levels in transient 
capacitance measurements. 

Emission rate as a function of temperature data was used to deconvolute 

the DLTS peak of oxygen-doped GaAs. As shown in the insert of Pig, 8, the 

major components are: EL2 and ELO. The rate window t^/t^ ■> 10 ms/100 ms was 

intentionally selected to reproduce the experimental conditions of the recent 

(54) 

deep level study in LEG GaAs. A comparison with these results indicates 

that ELO is identical to the dominant midgap level in LEG material labelled 
as ETX-1. (A third minor level also seen in the deconvoluted DLTS peak of 
Fig. 8 corresponds to the ETX-2 level LEC GaAs.) The presence of ELO in LEG 
GaAs is not surprising* since boric oxide used as the encapsulant of the GaAs 
melt serves also as a source of oxygen. 

11.3. Properties and Phenomena 

New Shallow Donor Associated with EL2 . From a systematic analysis of 
Hall effect measurements on a large number of melt-grown GaAs crystals with 
different concentrations of the major deep trap (EL2) we have identified a 
new shallow donor level (20-30 meV below the conduction band) . As shown in 
Fig. 9, this shallow donor leads to a specific teBQierature dependence of the 
electron concentration which was used for the determination of the donor energy 

The presence of the shallow donor state has important consequences for a 
■jcofflpensation mechanism in semi-ins ulatlng GaAs. 
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Intracenter Transitions In the EL2. Ue have Identified Intracenter 


transitions In the major deep level £L2 in GaAs for the first time by 
superimposing photocurrent measurements on those of optical absorption. 

These transitions were found to be responsible for the characteristic EL2 
absorption band between I.O and 1.3 eV as shown in Fig. 10. At low tempera- 
tures (<60 K) Intracenter absorption exhibits a fine structure (Fig. 11) 
involving the zero phonon line and replicas at energies close to those of 
transverse acoustic phonons (TA). This coupling with TA phonons is a strong 
indication that EL2 Is an extrinsic self-trapping center. 

Effects of Arsenic Pressure on the Surface Morphology of Heat-Treated 
GaAs . The effects of arsenic pressure, during high temperature heat treatment, 
on the surface morphology of GaAs crystals were investigated by controlling the 
arsenic pressure in a two-heat-zone apparatus. Heat treatments were carried 
out at 900*’C and 700^C (a temperature range relevant to device' applications) 
for 16 hours under arsenic pressure of 48-458 Torr and 4.2-539 Torr, respectively. 
It was found that for every temperature there is an optimum arsenic pressure 
under which the surface morphology exhibits no detectable «'hanges during heat 
treatment. As shown In Fig. 12, below and above the optimum arsenic pressure 
pronounced changes of the surface morphology were observed. The optimum pres- 
sure must represent the condition of ralninua deviation from stoichiomef.ry. 

Fundament a?. Limitations of HEMT De-vices . We have extended our theoretical 
mobility treatment of GaAs to the analysis of an electron transport in high 
electron mobility transistors. Thus, we have modeled the HEMT structure 
employing a two-dimensional triangular quantum well confining an electron gas 
free to move parallel to the walls of the well. We have calculated scattering 
rates for all major scattering mechanisms, i.e. , phonons, impurities and alloy 
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Fig. 10. Opiic«l*tWMptiOfi«adpiio«Kttnnitipcctniiittiuredontheian>c 
iMtipte of nelt'irowfl G«A$ with EL2 conceairttioa of about 2x iO'* 
cm~^. The diffrrmce b«w«m the two tpectn de<iir$ the imiacmm ab- 
(otplioR bud which MMAdSfroin t.Oiio IJ2eVMditf«$poMibleforthe 
chMacichHK thifie of the EL2 ibweptiM lihaded weal. 



Fig. 11. Fin«Mnietuf«or<heEL2inirace!iif,rabcof|Kion which sbowt zero- 
phonon lihc at 1.039) cV and phonon replica at energy interval of 
ll±lflicV. 
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Fig. 12. Arsenic pressure dependence o£ the surrace 
morphology o£ CaAs during annealing at VOO^C ior 16 
hours. Ihe two photomicrographs for each As source 
temperature (Tagl depict the same area under two 
different interference conditions for a better 
asaesament of the surface morphology, (a) before 
annealing, (h) (43 Torr) , (c) T,^^ = 510°C 

<n Torr), <d) Tga-521“C (94 Torr), (e) «530”C 

(113 Torr), <f) Tas-541"C (151 Torr), (g) = 

551°C (190 Torr), (h) =570*C (288 Torr). ® 
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disorder. In Ideal two-dlstenslonal £as an absolute nobility Unit is 

controlled by phonon and alloy suatterlnp, and it reaches a value of about 
6 2 

5 X ID ca /Vs at 5 K which la abdut 25 tines greater chan the mobility 
ever reported for the highest purity CaAs. Calculated siobllitles are shown 
in Fig. 13 as a function of the gas density. It is seen that our aodel 
accounts very well for experimental nobility characteristics. 

GaAs~Q}clde Interface . In the recently completed etuefy of the electrical 
properties of GaAs^native oxide interface ve have found two dlacrete states 
with energies 0.7 and 0.S4 eV below the conduction band» l.e.» very similar 
to surface states in real GaAs surfaces and on the surfaces with submonola>er 
metal coverages. Ve have discovered a new photodlscharge process which Involves 
the ejection of electrons from deep surface states following an energy transfer 
from photo^excitsd donor-acceptor pairs associated with a hl^ density of states 
(about lO^^cm"^) in the interface region. 'Utilizing the new procesa, we were 
able to confirm the energetics and dynamic paranecers of the deep levels, and 
also, for the first tine, chose of donor and acceptor Interface levels, consist 
tent with theoretical predictions. 

Our interface photodlscharge study of p~type CaAs MOS structures revealed 
the presence of deep interface states and shallow donors and acceptors which 
were also observed in n-type CaAs MOS through subbandgap photoionization transl« 
tions. For higher photon energies Intemal photoemission was observed, l.e>. 
Injection of electrons to the conduction band of the oxide from either Che 
metal (Au) or from the GaAe valence band; the threshold energies were found 
to be 3.25 - 0.1 eV and 3.7 - 0.1 eV, respectively. The measured photoemlssion 
current exhibits a thermal activation energy of about 0.06 eVT, which Is con~ 
slstent with a hopping mechanism of electron transport in the oxide. 
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Fig. 13. Electron nobility of two>dineni6ic>nal 
electron gas confined at GaAs-Ga, inter- 

faces vs. gas density. Lines- theore ti CrSl ; 
points-state of art nobility values (unpublished) 




Th« «aersy b«nd dl«graa of the C«Aa-native oxide MOS structure determined 
from our Iptcmel photoemlssion study is shown in Fig. 14. 

Ve hsvc clso utilised the pbotoionisatlon discharge of CaAs-oxlde Inter- 
face in conjunction with capacitance measurements and thermal emiaaion to eatab> 
iish the origin of C»V hysteresis and anomalous frequency dispersion Inherent 
in GaAs-MOS structures. It wes shown that, for n-type GaAa, discrete states 

at E -E play a major role. Due to the low race of themel emlsalon the occupa- 
c c 

tion of theae states does not obey equlllbriun characteristics (detsmlned by 
Fermi level position at the surface) which leads at low temperatures to very 
large C-V hysteresis. 

11.4. Charaetert ration 

Our electronic characterization facility was essentially completed in 
1980. Since then it has been used for evaluation of grown czyatals on a 
macro- and microscale, for Che study of growth-property relationships and 
for quantitative Inveatigatlon of device-related phenomena and properties of 
GaAa. Our dtaracterizatlon approaches are of course being conclnuoualy upgraded 
experimentally and theoretically in accord with the state-of-the-art knowledge. 
During the last year we have refined two approaches for electrical and optical 
characterization of semi-inaulatlng GaAa. 

Optical Evaluation of the EL2 Concentration in Semi-Insulating GaAa . We 
have developed a practical procedure for the evaluation of the Fermi energy 
in semi-inaulatlng (SZ) GaAs from eXecCcical measurements. This procedure 
makes it possible to reliably extend the determination of the major deep level 
<EL2) concentration, by near-infrared absorption measurements, to SI GaAs. 
Employing this procedure, we showed (see Fig. 15) that Che ELZ concentraClon 
in Czoehralaki-grown GaAs increases monotonicalXy with Increasing As/Ga ratio 
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(throughout the conversion from SI n-type to sesi conducting p-type crystals) 
rather than abruptly as previously proposed. 

Free Carrier Mobility . Free carrier mobility values are commonly taken 
as an overall measure of perfection and purity. We have completed a rigorous 
theoretical and experimental study of carrier mobilities in GaAs which led to 
the development of a practical means for fast quantitative characterisation of 
GaAs using computed values of mobility conveniently tabulated as a function of 
free carrier concentration and compensation ratio. More recently we have 
succeeded in developing a straightforward (but rigorous) procedure for the 
characterization of seTstl^insulating CaAs from Ball mobility values measured at 
slightly elevated tenq>eratures. Thus, the mobility curves presented in 
Figs, 16a and 16b permit the determination of the total concentration of 
ionized Impurities in semi-ins ulatlng GaAs. 
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APPENDIX 


Reprints and preprints of papers which appeared In the 
literature or were submitted for publication since our last annual 
report are attached. They provide a more detailed account of some 
of the work discussed in the text of the present report. 
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We pitient a practical procadun for die evaluation of the Penni energy in temi*insulatiing 
(SljGaAs from electrical measurements. This procedure ujake:; it poisible to reliably extend the 
determination oT the nujor deq> level (fcL2) concentratkm, by near-inffared absoiption 
measniements, to SI GaAs. Emptoying this procedure^ we shoa^ that the £L2 concentnuioc in 
Czochrakki'frowii GaAs increases tnonotonically with increasing As/Oa ratio (throughout the 
cooveraiott from SI u type to semiconducting /i-t^ ciysUls] rather than abruptly as previously 
propoeed. 


PACS numbers: 72.20.My, 72.B0.Ey, 78.S0.Ge 


With the rapid progress in CaAs integrated circuits (IC) 
technology, based on senii-insulatiitg (SI) GaAs, a great deal 
of effort has been devoted to studies of native deep donor (the 
EL2 level at £, — 0.76 eV/** and its role in the compensa- 
tion mechanism responsible for the semi-insulating behavior 
of “undoped“ melt-grown GaAs.*~'* The standard tech- 
niques for the dererminatiou of deep level concentrations, 
such as transient capacitance or transient current spectros- 
copies. ate not readily applicable to SI n»terial. According- 
ly, tbeopticalabsorptkm method proposed inRef. 1 has been 
widely used for the determinaton of EL2 concentration. 

In melt-grown GaAs a dominant contribution to the 
optical absorption in tbespectialnage0.8SeV£Av51.3eV 
has been attributed to the photokmization of the EL2,''**'* 
i«., to electron transitions from the occupied EL2 to tlie 
conduction band and hole transitions from the unoccupied 
EL2 to the valence bend. Accordingly, the corresponding 
overall absorption coefBcient a(Av) is 

o(hv) » -I- Weird -LK> d) 

where W„, is the ^2 ouncentration, ai and are the 
(diotoionization cross eections for electrons and holes le- 
spectively, /, is the occupancy function rd* the EL2, 
1 + exp( — — £ Jjj /A r)] ~ where £, is the Fer- 

mi energy nnd £^ » the “effective” EL2 energy (which 
includes contribution from a degeneracy factor), and £ 

» 0.759 — 0.237 X 10“* T, where Tis the absolute tempera- 

lllTi.'® 

The values of <r'„ and as functions of the photon 
energy are discussed in Refs. 9 and 15. In the spectra] region 
ofbighesteeiuitivity (l.l-1.2SeV)o' exceeds byafactor 
of3-4. Thus, a transition from n top-type material (a change 
irf/, from 1 toO) leads toadecreaseofo by afactor<d'3-4 fur 
» given £L2 concentration. It is also apparent that a change 
of ELS occupetton will lead to a cuange in the shape of the 
optical absorption spectrum, due to noticeable differences in 
o' (A v) and o;^(Av). Thus, the Fermi energy in SI GaAs deter- 
mines not only the value of the absorption codGcient but 
also the shape of the near-infraied absorption spectrum. 

hi the present letter we present a procedure for the de- 
tennination of the Fermi energy in SI GaAs from electrical 
measurements. We show that the Fermi energy in typical SI 


GaAs (fl> lOP J3 cm) can vary between 0.6S and 0.8S eV 
below t^ conduction band; within this range the EL2 occu- 
pancy varies from 1 to nearly zero. Wealso employ the pres- 
ent results for the reevaluation of the magnitude of the effect 
of stoichiometry on the EL2 concentration snd on the com- 
pensation of “undoped” Czocbralski (CZ)-grown GaAs. 

The major problem in the printer interpretation of elec- 
trical measurements on SI C«aAs arises from the fact that 
both electrons and holes may contribute to electrical trans- 
port. Therefore, three quantities (e.g., Fenni energy and 
electron and hole mobilities) must be determined from the 
measured Hall constant and resistivity. As shown previous- 
ly,'* this difficulty can be overcome by utilizing theoretically 
calculated results of eketron and hole mobililics. Ti. 'se mo- 
bilities depend mainly on the ionized impurity concentra- 
tkm, whereas the dectron and the bole concentrations de- 
pend on the Feimi level position only. Thus, with the aid of 
theoretical calculations of the hole and electron mobilities, 
the kmized impurity concentration and the Fermi level posi- 
tion can be uniquely determined from electrical measure- 
ments. 

The mobility calculations were carried out using a vari- 
ational method in the form given in Refs. 16 and 17. All 
major scattering processes, i.e., polar optical, deformation 
potential, acouiitical, piezoelectric, and ionized impurity, 
were included. .Also in the hde mobility calculations the 
optical idioton siattering via deformation potential has been 
taken into accoimt. In some instances, where the hole to 
electruu mobility ratio depends ■'<eaVJy on Ac ionired impu- 
rity ooncentration, the anidysis of the experimental data can 
bequiteaccuraiely simplified by assuming a constant mimii- 
ity ratio. 

In Fig. I(a| tlie reustirity and the Hall mobility are plot- 
ted as a fiinction of the hole concentration. They are calcu 
lated from the stimdanl expresrions for mixed electron-bole 
conduction; 




|2a) 

P 

\ "Pn/ 


Ph = a, I 


(2b) 



1»2 


A|ipl. Phys. tan. 43 (3J, 16 July 1963 


0003-6951 /63/140192-03301.00 


@ 1963 Amancan Institute ot Physics 


192 



JRtGINAt PACiE IS 
OF POOR QUAU'lir 



Hak Caraentrotisn (cnr^) 


as 0.068ffl,. aim * 0.35#k^ and m,* = OAMm^ 

The Fenni ieveL mcacured witli rcqwct to the conduc- 
tion baiid, « e functioa of the hole coDceotntioB is shown in 
Fig. 1(b). It is seen that the Fenni energy ooincidet with the 
"effective” El.2 energy |£, —0.b9 eV (Ref. 10)] for n hole 
ooooentntkxi of about 10^ cffl~^ for which the Hall niohil' 
ity tt stiU determined mainly by electnma. 

The oocupaacy function of the EL2 expressed in tenns 
cfthehirfeoanGaitiationiaaliO plotted in l(bMtshould 

be noted that for SI GaAs with Hall mobility close to 0 (hole 
concentiatiooOJ X 1(F cat"^) 83% of the BL2 level is unoc* 
copied. 

The results presented in Fig. 1(e) nuke possible the 
straightforward evaluation of the Fenni levdpositioa in SI 
GaAs of a given resistivity and Hall effect mobility. Conse- 
quently, the EL2 ooeupatioa can be detenidaed from Fig. 
I(b)i thus, it becomes pcasible to tdiably calcuiate the EL2 
coaoentntioa Itom the optical abaorptk» meaiurementt if 
the ahsorptioo is due to the pbotoionizatioa of EL2. The 
EL2 0 (!cupation by dectrons decreases moat noticeably in 
the reg&'sn where Uie Hall effect mobility sdU remains very 
high and where the sign of the Hall constant indicates a 
dominant contributioo from dectroiu. It ia thus evident that 
occupation conectioas to the optical abaoiptkm of the EL2 
cannot be a priori ignored even in the rqdon where the HaU 
effect measurementi indicate an apparent strongly a-type 
character of the SI materiaL 


FIG. t. U> Pgpcurttnct cf rw u ri v ti y laS notiilityoa csnicrcgBccntmiiai 
ia the vakace bMBil; (b) dependence of Fcreii level sad EL2 oociiiisney oa 
tte Mirier eoaotiauftwn in tlw valence tend. Tile efectivr (oergy of EL2 at 
300 K, £ ii iIh indicsiad. 


and 

V = n?. (2c) 

wbe«*«, = *.82xi0‘* 

temperature dependence of the energy gap is given by' 

«;»1519-y^(«eV). (3) 

^ m, is the effective mass of conduetton-band electrons and 
">f = ('*>!** + k the density of states effective mass 

in the vahmee band (M and M refer to light and heavy holes, 
respectively). 

The curves of Fig. 1 were calculated for a mobility ratio 
= 13, which is a good approximation of theoretical 
results for ionixed impurity conoeotratioru of the order of 
~ 10'* cm~’, tyiMcai for the presently considered undoped 
SI GaAs. A value of SOOO cm*/Vs was employed for the 
electron mobility, again typical for uodoped SI GaAs. It 

should be noted that the value of electiran moUlity sffccts 
only weakly die detemhutioa at the Fenni energy. Thua^ 
the results presented below can be used very satisfactorily for 
electron mobilities ranging from 4000 to bOOO em’/Vs. The 
following values of effective masses were utilized: m. 



feiiw Cwty Ec*Cr 



nc. 2. (>| Cilwitottd rtte- 
tive oplaMl itoofpticM {for 
two phsttNi wcrci**) due to 
Ibft oC 

onuUMit soaotainsiaa ct 
CL2 M a fiiKtiaa of Fefod 
at w a r; A, -0 com- 
•pooA 10 voobUos HaV 
SMbtlity. (b| Eipaftenatai 
MMitt of 

lion eipnaaed aa EL2 eoa* 
ecntiation wo fiiaotioii of 
anaaie om fnciioo in 
aaeM ytfx tut. 2. Daahad 
Uaenliowttctual EL2coo* 
MotiatiaM aftw cipcri> 
menial retukt are comet- 
el liir rtnngfi in the EL2 
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The results of the csJcuIation of the tbioiptioii c:oelB- 
dent from Mpression (l|«ssumin(A’,^u coostani.but taking 
into account the changes in the Fermi energy are shown in 
Fig. 2(a). As seen in this ilgure, the optical absorption de- 
crease caused by the doamward shift of the Fermi level is 
quite pronounced for Fermi energies located in the vicinity 
of the eifective EL2 energy. 

For a comparison in Fig. ^h) we show the reported 
decrease in the EL2 conamtration.* '^ as determined by the 
corresponding decrease oif the optical absorption, as a Ainc- 
tion of changes in the melt composition |As/Ga ratio). The 
Fermi energy and the "anenic atom fraction" scales of Figs. 
2(a) and 2(b), respectively, were correlated using the data of 
Hall mobility and resistivity versus melt composition from 
Refs. 3and I2,and the presently calculated results of Fig. 1. 
A transition the Hall nsobUity (or the HalJ constant 
through zero takes place at a eritied As composition) which 
provides a convenient reference point in correlating both 
acalet. At this point only about tS%oflheEL2 is occupied 
with eieefrons, while for arsenic atom fractions in the melt 
higher than about 0.51, Ibc occupation of tbe EL2 exceeds 
90% and remains essentially unchanged. 

Tbe optical absorption changes in Refs. 3 and 12 have 
been attributed entirdy to a decrease in the EL2 concentra- 
don [Fig. 2(b}]. However, a oompaiiion with Fig. 2(a) clearly 
•hows that most of the "apparent" change in the EL2 con- 
centration is due to the decrease in its occupancy. When this 
contribution from the "occupancy change" is taken into 
consideration, the actual sloichiometiy-induced change in 
the EL2 concemratioR is represented by the doited line in 
Fig. 2(b). 

The results of Fig. 2(b] snalyzed in the light of the pres“ 
ently proposed procedure show that in the entire range of 
melt composition the EL2 concentration in CZ-grown OaAs 
decresscs monotooically with decreasing As/Ca ratio in tbe 
melt. This behavior is caosistent with the rcsulu of a similar 
study of Bridgman-grown OaAs where a gradual decrease of 
the EL2 concentration was observed with decreasing At 
pressure above the melt.'' 

Tbe above dependence is aisononmient with the model 
of the EL2 formation in mdt-grown Oajkt which attributes 
the EL2 to a native defect oomplea involving the antisite 
defect Aso, and arsenic vacancies.** This model considers a 
two-step process, i.e., (1) the creation of gallium vacancies, 
Vg., during tbe srriidilkation process; |2)thepost-adidifica« 
tion migration of the Vg, to a neighboring As site leading to 
the formation of the EL2 defect compiea. The caperimental- 
ly observed decrease of the EL2 consentration with decreas- 
ing As/Ga ratio in the melt is, accordingly, due to a corre- 
^Minding decrease of tbe Vg, concentration during 
solidification. 

Tbe present results show that the melt stoichkwnetry 
induced conversion of OaAs from SI n type to semiconduci- 
ingp type is most likely due to the increase in the residual 
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thallow acceptor concentration with decreasing As/Ga ra- 
tio rather than to the rapid decrease of the EL2 concentra- 
tion proposed previously.****-'* Such shallow acceptor con- 
centration increase, determined from phoioluminescence 
and Hall effect measurements, has indeed been reported '*~* ' 
and has been attributed to potnl defects.**-* ' 

In summary, we showed that, if the near-infrared ab- 
sorption in GaAsis tobe taken atbeingdue to the photoioni- 
ation of EL2, then the use of this absorption for the deter- 
miiuilion of the EL2 conoentratkn in SI GaAs requires 
knowledge of the Fermi energy (EL2 occupancy). A practi- 
cal method was presented for tte determination of tbe Fermi 
energy in SI GaAs from electrical measurements. 

The authors are grateful to the National Aeronautics 
and Space Adinimstration for financial support. 
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Microscopic model of the EL2 level in G«As 


3. Urowakl, H. Xanindca*, J.M. rsiscy, K.C. C*tot «ad W. Waluklcwlci** 

Hasaschuaett* Inatltuta of Taehnoloty, Caabrldjc, Maaaachuacttf 02139 

.Aba tract . It waa found that tha dafact ratponalbla lor the doainant 
dacp donor C^-0. 76 aV (EU) la aclt-Broun CaAa alao Introducaa a 
ahallou donor level at E -0.023 cV. thla findlnc aakce peaalble 
the refinaaant of our antlalta dafact Aa. Model of the EL2 fomatlon 
111 wit growth to a Mleroecoplc Model which accounta for the. chut 
far, obaerved clcctroalc behavior of EL2 (including ice Metaatable 
atate), Zn addition to the antiaitc deface Aa- , the propoaed 
defect canter involve! an areenic vacancy 8n a neighboring alte. 

Thla conplax it alailar to a DX center exhibiting a large lattice 
relanation energy. 

1. Introduction 

Ihe high rcaiatlvicy of ''undoped" pelt-grown CaAa ccyatala la eauaed by a 
donor-type native defect which Introducca a deep level (connonly referred 
to aa El.2) located at E -0. 76 eV (Martin at al 1930). Thla level waa 
originally aaalgned to oxygen iaqiurity (Kilnea 1973) and later on to Oa 
vacancy (Watanaba 1931). Kecent atudiea have ralated EL2*wiCh the enti- 
aite defect Aa^ (Kaalneka 1931, Chou 1931, Lagowaki et al 1932 a,b,c, 
Schneider 1982, Johneon et el 1962). In our etudy of the EL2 ioraatien we 
have propoaed that tha aatiaite defect Ac. (expected to act aa a double 
donor) ia fonitd aa a reault of Ga vacancy*Mlgratlon to a neighboring Aa 
aita during the poat-growth cooling of the cryatal (Lagowaki et al 1962, 
a,b,c). The aeaignaect of EL2 to thia aatiaite defect wade it poaalble to 
auecaaafwlly explain the dependence of the EL2 concontratlon on growth 
paraMctcre aueh aa Aa/Ge ratio in che Mclt, Go20 prcacura and concentration 
of ahallow donora end acceptora. it ia alao conaiatant with the reiuit* of 
pareaagnecie teaonance atudlce (Wagner et al 1960, Schneider 1962). The 
aaaignMcnt of the EL2 to a alaq>le antiaitc defect Ac. , however, doer not 
fully account for the ei«ctronic propettlae of tho El3, and in particular, 
for ita obaerved dual nature, i.a. , Ita Introduction of normal and neta»- 
tablc ctataa (Vincent and Xola 197B, Vincent et al 1932). 

In thle paper we report reaulta which provide the flrtt experimental evi- 
dence of the introduetlcn of an additional ohallow donor by EL2 centera. 
Iheeo reaulto arc dlacueoed in conjunction with a refined defect Model of 
the XL2 center which conaidera not only the antialte defect Aa^^ but alao 

fraaent eddraaa: Xnatitutc of Bxperlwntal Thytlet. Waraaw Vnlvcrsity, 
Waraaw, Poland, 
a* 

Penaanent addreaa; Inatltuta of Phyalea, Poliah Aeadewy of Scleneea, 
Varaaw. Poland. 
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a neighboring areenle vacancy, V^. Thie aodel account* for eh* obaervad 
growth-property rclactonahlpa Juaf ee the antlelt* delCect aodel. In eddto 
eion, however, It auhee It poaaibl* to eaplaln ell obaerved electronic 
properclea oE the El>2. 

2f Eaonrlnentel 

Our ctudy wa* carried out on CaAa cryetal* grown ualxig a Brldgnan-type 
apparatue which allowed very prectaa control of the growth paraaetere 
(Pacsevget al 1982). The electron coneentration wa* varied between SxlO^° 
and lO^^cnT’’ by intentional doping with Si, 5, Sa, Ta (ahallow donora). 

The A* preaaure during the growth waa adjueted by eelcctlng an Aa aourec 
teaperacuce between 613 and 619*C> The teaperaturc 617*C (under which the 
cryatala with nlniona* dlalocatloo danaity are ebtalned) apparently cortea- 
ponda to optlnua atoichiOMtry (Paraey si 1482). Raising (lowering) 
the Aa source teaperature was used to Inereaaa (doeraaae) the coneentration 
of the EL2. It should be noted that the aanaitlvlty of the EL2 concentra- 
tion to the Aa aource eenporatur* (i.e. , to the nelt conpoaltlonKdecreaae* 
with increasing electron concentration, n. For n exceeding 3x10^ cn~'* the 
eelt-grown cryetale had an E12 concentration below the detection llait of 
about 2 x10^^c«~ 3, Irreapactlve of tho As sourca tanperature. 

The crystals were charaetarlccd usingtfe) Hall effect md conductivity 
■eseurevienca In the tenpereture raiye of 77-300 K; (b) Sehatthy diode DLTS 
nceaurcBcnte of doep Icvelej (e> preelee deteminationai of Et.2 parsMtere 
using the aeaeurenonta of total capacltaaea tranaient lU a functlcn of 
tamparature, bias and the nagnltudc of filling pulaee. Far high electron 
concentration (n>lO^^) optical nbacrptlon neaaurenento of ELI concentration 
were also carried out using very thick aenplee (up to 5 en). Such neaaure- 
nenta enable the ellninatlon of high field effects, which nay load to aa 
apparent dacraasc of the deep level concentration at high electron concen- 
tretlons. In addition, SIMS analysts waa aaployad for tha dstsmlnatlen 
of ispurlty conccntratlone. 


3, Reaulta and Dteeuaalon 

Hall efface neasurenenta revaaled systesaktlc dlffarence* between tha 
teaperature dependence of elaccton concentration In CaAa cryetale conteln- 
Ing EL2 and In the eL2-frce crystals. The reeulte are euNaarlaed In 
ITig. 1, where the ratio of roo* teaperature to liquid nitrognn tenpereture 
iileetron concentration y > nOOO K)/n<77 X) is plotted as a function of 
the 308 K electron concentration. Saaplea containing EL2 sxhiblt a notlct- 
able dcueacc of n at lower tuvctaturce, as aanifestad by v valuas largtr 
than 1. Such w fracaeout it not obaerved for EL2-frae saaplea for which 
Y - l.OCiO.03 in the eoncantration range of Sxl 0 ^*<n< 10 ^*c»"L Uelng 
reaulta fcoa (E(ode 1973) it can be shown that in this eonctptracton range 
the Hall factor, r, doaa not differ significantly froa unity (i.e.. r ■ 1 
at 77 K due to degeneracy of elwctron gao and l<r<l,03 at 300 X). Thus, 
the Hall factor can be safely Ignored in the Interptetctlm of Fig, le. 


In Fig. 2 the difference n(300 X) - n(77 X) la plotted aa a function of 
the EL2 concentration. It 1* actn that cbt change In aleceron con- 

centration incraaaaa neatly propettlcnally to tha Incrtaiie In E1.2 eoncan- 
tratlon. This, approxiaatcly, one-to-one correlation Inpltee the pretence 
of donor levels with a concentration Idantlcal to tha EL2 concentration. 
This donor level, however, aniac be such shallower than the deep EL2 donor. 
Eg-0>76 eV, In order to becooc filled or eaptlcd upon relatively aaall 
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ahifta of the Fcrail level (vltb- 
la 30 mV fro* the conduction 
band edge) brought about by the 
change of n and/or of the 
tenpbratura. 

' It ahould be pointed out that 
the concentration of other 
electron trapa (E14. EL3» and 
EL6) In the aaaplaa Inveatl- 
gated wai about one order of 
Mgnitudt tMller than 
Thua, chair contribution to the 
obaerved changea of n can be 
rieglaeted. 



Fig. 2. Electron freaaaout 
<njOo‘" 77 ^ va. the concentration 
oi EE 2 level 


The teeperature dependence of 
electron concentration, n(T), can 
be obtained by eonaldcrlng the 
charge neutrality condltlona, which 
for tt-type Mtarial bcccaeat 

n(T) - n^-Higjj U-yT)J <1) 


B hI-h: 


where n e Nl-N,, N. and are 
the conSentratlSna of ioniied 
ehallow donor# and acceptor#, rea- 
pectively; and Nend) - 
(l-f (T)) la tha cencantratiott of 
ionlaed ahallow donor ralatad to EL2t f (T)"ii the occupational function 
for thio lavel f (T) « 1/(1 + g anp (E^"^/kT))i E. to the energy level, 

E_ le the Feml gaergy, and g ia the degeneracy factor. The 7ar*l energy 
bI ia teeperature dependent and Ita.value can, be obtained froe n using the 
etandard ralatiouhlpe n » 5,44nlO”(«*T/no>’*'*F^ ..(ly/hT), where 
Fl,,(B./hT} te the Ferel Dirac Integral, la FiguU 3, tha tanpotetvte 
daMndanca of the olaecron eencantretloa le ahown for two aanpl** with 
different doping level* (dlffarant veluee of electron concent ret lone} and 
alto different eoneantrationa of Iha deep EL2 donor. Curve a vara calcu- 
lated tron erpreaeion (1) taking E -E. > 25 mV a^d g ^ 2, For both 
•aeplei a good egreeMnt i# obtalnid between eicperieentel and calculated 
depandancaa of electron coBcanttetien. It ehould be noted that quaV.ita- 
tetiva evidtnea of the involvoMnt of a ehallow donor le'wl In the EL2 
center haa bean elao providad by our veccnt study of the paoaivation of 




w 





ORIGINAL . ■ 

OF POOR QtlAv.l V 


44 C%iUiuitiAwttl<it and Retattd Camfumndi i992 


EI4 by acmlc hydcogtn (Laiowafct at al 19BZc). It waa found that a 
decraaaa of EL2 concancratfon caaulta in a daetaaaa not only of tha con- 
cantratton of tha daap doiiori, but atao of tha ohallowr doneta. 

4. Mtcroaeootc Hodal of E LI 

Tha ox^rinantally aataoilihod eharactazlatlca of tbo Eli cantor ara auaa- 
aarliad In Tablaa I and T.l. Tabla I Ineludaa ralatfonahipa batwaan CL2 
and cryatal growth paraaMtata, uhUa Tabla II Uata bay eharaetaylatUa 
darivad fron alactclcal and photoolocttlcal phaoonana. Va haaa tacantly 
propoaad (Ugowakl at al 19B2, a,b) that EL2 U fomad by tha nlgtatlon 
of a Ga vacancy to an Aa alto during tha poat-growth cooling of tha 
ccyital and tha aubaaquant fomatlon of the ai'.tialta dafact and a 
neighboring araanle vacancy aa aheum in 7ig. 4. iha coaeantrauon of 



ng. 3. Enparinancal (pelnto) and 
thaoratieal (curvaa) dapandancaa 

of olootTon cofifiontrotifsn an 




rit« 4. Fonuclon of tht Bl.2 
oonplan; (a) galllun vacancy, 
<b> Aa„ conplan tomad aa a 
raaulc of Vq nigratlon to Aa 
alta. 


thin conplan la a atrong function of tha alactron concancratlon, n'*. 
Thua, by aaalgnlng EL2 to an antialta dafact Aa„ M axplainad unique 
faaturaa of Et2 aueh aai cha auppraaalon and anKthllatlon of JSU upon 
doping with ahallow donora, tha incraaaa in BL2 concentration ujon 
counttrdoplng with aecaptora, and aa incraaaa in EU eoneentcatlen uith 
tha Incraaaa of Ga.O praaoura durUtg growth. Thla Mdal alao anplalnad 
the dacraaaa In EL2 eoacaattatton upon incraaelng tha Ca/Aa ratio in tha 
Male (dacraaaa of galllun vacancy cooccnCratlon>. 


Tha abova growth-property ralatlonahipa can ba equally wall anplalnad 
whan cha ELZ cantar conaiata not only of an anciaita dafact An. , but 
alao of a neighboring araanfe vacancy. Aceording to Van Vachttn 1979 
and Lagowtki 1982a. tha concentration of an antialta defect |Aa„ ] and of 
the concentration of a ccnplan [Aa-^V..] fomad during V„. nigratlon can 
ba expreaead an “ " "* 
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«h*ra K. and K, ar« the raaetton esnataata. (2a) and (2b) Indicate iden- 
tical depandenca of both centara on the nlaetron concentration (l.e. • 
doping with ahallow donora and/or aecaptora) and on tha eontantratlon of 
grllluit vaeanelaa. To accotmt for the alcctconlc propartlaa of the CU» 
the conptaa Aa. V.. a««M to ha iMia aultiibl'* than a alaple antlalte 
defect ** 

The Mat algnlf leant eleetronie propertlea of tha EL2 include: (1> the 
deep donor level at E -0.76 aV; (2) the ahailwcr donor at E -0.025 aV 
dlacutaad above; (3) tha configurational barrier for capture of fvee elec- 
tron* (SanTp and tang 1977, Xa^neka at pi 19B2); (6) the dual nature of 
eh* center charecterlaed by two atetaa— 1 .*., a nortMl at at* and a netaa- 
tabl* atac* (Vincent and Bols 797B, Vlncant at al 1902), Tha latter etate 
li obaarvad at low tanperaturea (T<120 X) vlth aufflelantly low electron 
concentration. 




In a configurational coordlaat* (ce> diagrew a atable ataee can be rapre- 
•antad by a low ralaxatlon energy fVig. 5a), while a Mtaatable atate 
corraaponda to a larga telaKatlon anargy (Fig, 5b). A cenblnad ce dlagraa 
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of EL2 emtar propoiad by Vincont and Sola 1979 la ahowa la Vl|. Sc. Aa 
Indlcatad by aa atcow, tha tranaltton faoa a aataatabla to tha atabla 
atata la tharaally actlvatad, i.a., tha aataatabla atata eaa ba obaatvad 
only at rtducad taapcraturaa (T<1Z0 R)« In IIToV coapounda with aoatly 
covalant bendlns tha atataa with a larga lattlca valanatlon anarcy cannot 
ba xaadlly aaplalnad. An axplanatioa can ba appatantly ptovldad by tha 

71a. S. ConflgucatloB cootdlnata 
<ee) dtagraaa for: (•> lov lattlca 
ralaxatioB aMtgyi <b) Ursa tac- 
tlca ralaxatlon anariy; (c) ELZ 
eantac lavolplng both caaaa. 


DX eaatara in A1 Go, Aa aad 
GaAa. ? axtanalvaly Etudlad In coo- 
Junctlon with donot-lapurltyxinducad 
pavalataat photeeondvetlvlty (Ltaa 
and botan 1979, Lang 1980), than 
an two atclhlng alallarltlaa 
bamaa W eaatara and tha lU eav 
tar. (l) According to tha idetO" 
acople nodal of Lang and Logan 1978» 
tha OX eantar eonalata of a donor on 
a cation aita plua an anion vacancy. 
Iha coq>lax ahown in Hg, A (tha 
Aa. donor plua ataanlc vacancy) doaa belong to tha aana dafaet catagocy: 
<2T*tha prcpoaad cc dlagran of DX eantar la of tha aana typo aa tho ee 
dlagraa of a antaatabla EL2 atata, 

Thua by analogy to DX cantata tha coaplan of Fig. A canto conaldocad aa 
raaponalbla fot tha nataatabla atata of tha XL2 eantar. Thia nataatahla 
atata, houaver, la obaatvad only at low olaetron concentration, which 
inpliaa that tha aataatabla atata eorraaponda to tha BL2 eantar with aa 

lonlaad ahallow donor laval at E -O.OZS aV. For high alaotron eoncantra- 
tlon only a nomal, atata la obaa»ad which lapllaa that only thla atata la 
poaalbla for an occupied ahallow donor. Accordingly, an incraaaa of alac~ 
cron coneantratlon (a.g., by a filling pulse la a Sehettky diode) which 
tncraaaaa tha occupation of tha B «0.02S aV donor should lead to tha ra- 
covary of tha EL2 eantar from tha'^nataatabla atata. Such aa affect haa 
been ibdaad raportad, houavar. It wan Intarpratad aa being dun to acne un> 
apaclflad Augar-llka proccaa. It la apparent that other oodals of the EL2 
origin, l.a., tha oaygan iapurlty or tha Oa vacancy nodala, ara in conflict 
with tha asparlnantal charactaxlatlca liatad In Tabla I. The aana la also 
true for tha "Ga Intaratltlal" nleroscople nodal auggastad by Vincent at al 
1982, according to which tha tranaitlon fron a nomal to a nataatabla atata 
la raallaad by tranafar of a Ca Intaratltlal fron a poaition with 0« atoan 
aa ncaraac neighbors to a position with Aa atCM aa naaraat neighbors. 

Thla aradal cannot explain tha "group A" propartlca Of Table I, aad tha 
affects qf electron concentration on tha nataatabla atata. 

5. Sunnarv and Conclualona 

Wa propoan a nodal of a defect center, conalatlng of an antlalta dafaet 
for the flrat tlM, conaiatantly explains the unique 
of tha EL2 and tha ralatlc^ahipa betwaan the EL2 eon- 


Aa. aad which, 
alcStronlc^roparCUa 
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ecDtratlon tnd eryital trowth p«r«Nt»r«. Such m MalpoMint T«nd«ra ch« 
EU cantBY very alsiXar to 9X eantan eharaetttlEad by a lavte lattice 
telaxatlcm and axtcnalvaly atudlcd in IH-V tamary coaipousda In conjunc- 
tion with a paraiatent photoconductivity phenonana. Out flndlAp of the 
axlatance of a ahallow donor lavcl aaaoeiated ulth the XL2 waa uaed to 
explain the two etataa of the EL2, i.a., a aoraal atatt and a aataatable 
atate. It ahould slao be notad that the praaanca of a ahallow donor level 
aaaoeiated with the CU waa not eenaidared In prevloua atudiea of SI 
GaAa (Martin at al UBC, Bolaea at al 1962a, h).. It^ortant eonaaquencaa of 
thli lavel for the conpeneatlon wechanlra of fSiiAa will be preaanted elae- 
where (Lagowakl at al ISBld). 
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(Invited) GaAs MIS Stnictwes— Hopeless or Promising? 

Harry C. Gatos, Jacek Laoowski and Thomas E. Kazior 
Mastackitetts Inslilute ofTtthnotogy, Cemirlt^t, Maisochiaells 02/39, V.S.A. 

Hifh density d interface states introduces uncerviinties in the study of GaAs MIS structures; 
the complex chetnicai nature of the Ga-Avoxtde system has pos^ an additional problem. 
The interface states were found to have discrete energy positions about 0.7 and 0.9 eV below 
the conduction band minimum (nther than a continuous qtectrum of energies) which are also 
characierisu'c of GaAs "tea)*' surfaces and independent of the insulator. On the basis of the 
energy position and dynamic parameters of interlace states the commonly observed anomalous 
behavior (e.g., fiCQuency dispeiston and capacitance hysteresis') of GaAs MIS structures can 
be accounted for. Results and arguments are presented indicating that these dwp states ate the 
main problem in GaAs MIS structures. Substantial decrease of their density is considered quite 
feasible and thus the development of GaAs MIS technology appears promising indeed. 


fil< iRtroductica 

The. potential of GaAs for electronic ap- 
plications above and beyond those achievable 
by Si has been recognized for at least 25 years. 
Its high and direct energy gap and high carrier 
mobility render GaAs suitable for exciting 
applications such as integrated optoelectronics, 
veiy fast electronic logic, and other circuits 
and monolithic microwave systems. Although 
GaAs devices (optoelectronic microwave and 
others) have been developed and have found 
significant applications, considering its poten- 
tial, GaAs has remained essentially the 
“material of the future.” 

Extensive efforts have, of course, been made 
to develop GaAs MU structures, which are 
fundamental to exploiting this material’s 
potential. Sucess can hardly be claimed. Is it 
for reasons inherent to the material or because 
of limited research and development effort 
that GaAs applications have not advanced 
beyond their infancy stage? We need to con- 
sider this equation. 

The intent of this paper is to present the 
highlights of the results of MITs electronic 
materials group in the overall context of the 
results of other groups, rather than to review 
comprehensively all of the published studies on 
the subject. 

$2. Complextties in GaAs MIS Sinictiires— 
lahe^ and Extrhisic 

The bulk semiconductor characteristics (e,g., 
carrier mobility and lifetime) as well as those of 


the insulator (e.g., dielectric constant, ionic 
charge mobility and chemical stability) are 
certainly important parameters in the design 
and performance of MIS structures; the semi- 
conductor-insulator interface properties, how- 
ever, are critical and arc the controlling factor. 
Yet these proi.<<rtie$ arc not necessarily deter- 
mined by the bulk properties of the two 
materials, although in some respects they are 
dependent on them. Accordingly, detailed 
characterization of the interface propenies, 
understanding of their origin, and achieving 
their control are fundamental to the develop- 
ment of MIS structures. The individual com- 
ponents of the GaAs MIS structures asd the 
importance of their detailed characterization 
will be briefly considered below. 

2.1 The semiconductor 
With its high mobility (about an order of 
mapiitude greater than that of Si) GaAs is a 
superior material for high-speed devices. In 
principle, crystallographicaliy and electronically 
it is also a relatively rimple material. However, 
its prepration in “high quality” single crystal 
form presents substantial difiicuUies. Achieving 
perfect stoichiometry is perhaps the major 
problem. Deviation from stoicUometry leads 
to a defect structure^ ^ ali aspects of which are 
not as yet recognized, nor, of course, under- 
stood. Excess of two types of vacancies are 
introduced which enn lead to macrodefects 
(dislocations) and a multitude of point defects 
and point defect complexes, either intrinsic or 
involving impurities, which in turn, introduce 
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traps, recombination centers and carrier coir- 
pensation effects. No bulk single crystal 
approaching crystalline and chemical perfection 
has es yet been grown. 

Of course, high quality epitaxial layers have 
been achieved on poor quality bulk substrates 
and respectable device technology has been 
develop^ on subh layers. However, in contrast 
to the earlier prevailing views, epitaxial layers 
are not immune to the substrate defects.’* 
Diffusion of these defects can readily degrade 
the epitaxial layers as devices perform demand- 
ing functions (e.g., at high temperature, high 
carrier injection, and under high energy radia- 
tion). 

We do not believe that the problems 
associated with bulk crystal growth are in- 
surmountable; simply research and develop- 
ment commensurate with these problems has 
not been carried out. For example, the number 
of publications in the period 1971-1980 
recorded in the Chemical Abstracts on the bulk 
crystal growth remained at an average of ten 
per year. Paradoxically, during the same period 
publication of QaAs devices increased from 
less than lOO (in 1971) to more than 1000 (in 
1980). It is encouraging to record, however, 
that in the last three years research on bulk 
crystal growth and bulk crystal studies has 
increased sharply worldwide. 

2.2 The semiconductor surfaces and interfaces 

Intrinsic surface states are to a large measure 
determined by the electronic coniiguiation of 
the surface atoms. In the ease of Si each 
surface atom has a dangling electron (resulting 
from the termination of lattice). These electrons 
generate surface states (energy levels) within 
the gap.^* In GaAs the surihee atoms have no 
dangling electrons; for reasons discussed many 
years ago** the As< surface atoms have a pair 
of unshared electrons, whereas the Ga atoms 
have no unshared el^:ctrons. Indeed, no in- 
trinsic surface stnita were found within the 
gap.’* States introduced by the As atoms are 
in the valence band (As sublattice) and those 
by the Ga atoms are in the conduction band 
(Ga sublattice). 

It would, thus, appear that the GaAs surfaces 
would present less of a problem with respect 
to surface states than Si, In practice, however, 
the reverse is true. 


Surface states in “clean” and especially in 
“real" surfaces of Si have been studied exten- 
sively and effectively.’* The field effect proved 
to be a most powerful tool. In "clean’' surfaces 
the density of states was found to be about 10” 
cm~’, a value close to the density of surface 
atoms, confirming their association with dangl- 
ing bonds. On "real" surfaces the density of 
these states decreased by 3 to 4 orders of 
magnitude and varied only within a narrow 
range upon various surface treatments; this 
decrease was attributed to the saturation of 
dangling bonds by oxygen and to a nearly 
matching between Si and its native oxide. 
Thennal oxidation decreased the density even 
further. In today’s Si MOS structure the 
density of interface states is insignificantly 
small (typically 10* cm~’ or smaller). 

Studies on GaAs '‘real" surfaces have been 
very limited.’* Perhaps the major reason has 
been the fact that standard field effect analysis 
cannot be carried out because a mlaimum in 
surface conductance could not be obtained. 
Employing pulsed field measurements we 
identified in an early study’* surface slates about 
0.4, 0.7 and 0.9 eV below the conduction band. 
In a later study,** employing pulsed field 
techniques, the main state was found to be 0.7 
and about 1 eV below the conduction band; 
these states were found to be essentially in- 
sensitive to crystalicgraphtc orientation, etching 
treatment and gas ambient. We concluded in 
that study that the surface states are- associated 
with crystalline defects in the space charge 
region rather than with particular abrupt 
termination of the lattice at the surface. By 
means of surface photovoitage spectroscopy, 
surfiice states 0.7 and 0.9 cV below the con- 
duction band were also found. Again, no 
variations in the energy position of the surface 
states or the surfiice barrier (0.55 eV) were 
observed in various ambients.** 

Thus, from the above studies (allowing for 
inherent small errors) it is clearly shown that, 
on the real surfaces of GaAs, there are two 
main discrete surface states; their energy 
positions at 0.7 and 0.9 eV below the 
conduction band are independent of chemical 
treatments, ambients and doping level of the 
crystals. These various treatments and ambient 
have only relatively small effects on their 
characteristics such as their capture cross 
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sections and densities. 

In extensive X-rey photoemission studies, 
employing “clean” surfaces, Spicer and co- 
workers*** have found that submonolaycr 
coverage of oxygen and various metals in- 
troduces two main discrete surfaces with the 
above energies. They attributed these states to 
missing Ga and As atonrs at the surface as a 
result of the interaction of these clean surfaces 
with the ambient species. They also found that 
these states lead to pinning of the Fermi level 
at the surface. 

A number of studies have been devoted to 
electronic characteristics of GaAs-insuktor 
interfaces employing C-V and I-V techniques, 
thermal and optical transients, and DLTS. 
The results of these studies are not in general 
agreement regarding the interface states. Thus 
employing C-V measurements on GaAs-SijN4 
structures, a U-shaped distribution of surface 
states was reported extending over the entire 
gap.**' Studies tin C-V and I-V GaAs-SiOj 
and OaAs-Si^O^N.. and GaAs-oxide structures 
showed a U-shaped distribution localized in the 
upper half of the gap with a minimum at 0.36 
eV.*^* Similar results were reported from 
studying GaAs-oxide structures with saturation 
surface photovoltage measurements.**' On 
the other hand, a U-shaped distribution within 
the lower part of the gap with a minimum near 
1.1 cV below the conduction band was reported 
on GaA$-Si)N4 and GaAs-oxide struc- 
tures. On the basis of DLTS studies 
on MIS structures discrete interface states were 
reported in the vicinity of 0.4“' and 0.65 eV 
below the conduction band.*’’* 

Tbe discussion of the models proposed in 
the above investigations to account for the 
experimental results (Fig. 1) and conclusions is 
bQTond the scope of this paper. However, in 
view of the inconsistency of the rer jrted results, 
the inevitabie question must be asked. Is this 
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inconsistency due to the complexity of the 
GaAs-insulator interface in the MIS structures, 
or is it due to uncertainties stemming from the 
measurement techniques? This question will be 
addressed. 

2.3 The insulator 

As pointed out earlier, excellent character- 
istics in the Si-SiOj interface are readily 
attained because of the nearly perfect com- 
patibility of the Si with its oxide. The GaAs- 
native oxide system to begin with is very com- 
plex from a thermodynamic as well as from a 
kinetic point of view. Numerous phases can 
exist as a function temperature, and moreover 
AS2O3 is thermally unstable in the presence of 
GaAs leading to the formation of elemental 
As.**’ The build-up of As at the interface has 
been reported**' and models have been 
proposed to account for the kinetics of this 
build-up, which has been observed after 
oxidation, as well as after subsequent an- 
nealing treatments. The introduction of inter- 
face states by free As has, of course, been 
considered. 

Oxide formation has been obtained by 
thermal oxidation, anodic oxidation and plasma 
annealing. Anodic oxides have exhibited the 
most satisfactory dielectric properties*'*' al- 
though results obtained with plasma oxida- 
tion*’-*** arc quite good. 

In a number of instances anomalous C-V 
behavior of the GaAs-oxide interfaces has been 
reported.**'*’*** Some aspects of the 
anomalous behavior we have accounted for 
by establishing that significant negative electric 
charge, as high as 10'* q/cm~*, is present in 
oxides formed anodically or by plasma dis- 
charge;**' by thermal annealing at 70-180'’C 
we were successful in eliminating this charge. 

Although Ga-As oxides with satisfactory 
dielectric properties have been achieved**'- it 
is unlikely that they will serve as an insulator 
for MIS structures because they are thermally 
unstable and chemically reactive. 

Numerous other insulating films have been 
studied, among them, Si,N4, SiOj, Si,0,N„ 
and AljOg. Althou^ Si,N4 appears quite 
promising, sufficient work has not been carried 
out as yet leading to a definitive conclusion. 

Thus, we believe that the problems associated 
with the insulator properties are both inherent 
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and extrinsic. Ga-As oxides, for leasoos 
unrelated to their dielectric properties (cbemics! 
reactivity and thermal inttabiJUy) appear to 
be inherently uosuited for GaAs MIS structures. 
Regarding other insulating films such as 
SijN 4 , the problems could very well be ex< 
trinsic and further, extensive, research and 
development work might lead to their resolu* 
tion. 

2.4 Measurements 

The availability of only limited definitive 
results, the prevailing uncertainties and in- 
consisteocies in experimental data :ind funda- 
mental understanding regarding surface states 
both on real surfaces and isterfsces, sre to 
a isrge measure associated with e.xpeiimentai 
techniques and measurements. Actually, the 
high densities of these states and their energy 
position deep into the gap render powerful 
experimental techniques unsuitable or impair 
their precision, accuracy, and/or reliability. 

For the investigation of surface states on 
real surfaces, d.c. or a.c. field effect techniques 
have proven to be powerful indeed in the 
case of Ge and Si^'** and also InSb^’* surfaces, 
as they provide accurate insight into the energy 
position, as well as into the dynamic parameters 
of the surface states. As pointed out earlier, 
these techniques are not applicable to GaAs 
surfaces. Surface photovoltage spectroscopy- 
capable of providing a very detailed analysis of 
the surface state structure of high energy- gap 
semiconductors^*’ becomes much less effective 
in the study of GaAs suifaces because of the 
relatively good communication of the surface 
states with the bulk.*’’ Other, generally power- 
ful, techniques, such as those based on pulsed 
fields. X-ray, and UV-electron emission spectro- 
scopy'*” lead only to a partial chatacierizatton 
of the surface states. 

Regarding the study of interface states in 
actual MIS structures, the majority of the 
investigations have relied on capacitance based 
methods. Howevei, in those investigations the 
dectronic behavior of the MIS stnictuies has 
exhibited a large majority carrier hysteresis and 
a (ngnificant frequency dispersion'*-*''**' of 
the positive gate bins capacitance. Although 
these investigations have revealed important 
aspecte of the Ga/iS MIS structures, no entirely 
consistent models have emerged relating the 


observed anomalous behavior to the igterfere 
stats str«vtUi%. It is a very difficult problem 
indeed to determine conclusively unknown 
panmetert firoin anomalous characieristici, 
panicuiariy when the nature of the anomaly 
itself is not clearly understood. 

DLTS, even as applied for the characteriza- 
tion of deep levels in bulk crystals, is unique for 
its probing power, rather than for its precision 
in determining the dynamics of deep levels. 

Thus, much of the uncertain^ and con- 
trovery associated with MIS structures is due 
to the limiutions of the available techniques. 
However, limited as the techniques may be 
generally, we believe that the strong points of 
each technique have not as yet been utiiinsd in 
a complimentary mode from which a com- 
posite but reliable picture may emerge. 

5 . 1 . lawiaMy Dtsmte Eamgy iMcrface States 

We hypothesized that non-equitibiium charg- 
ing and discharging of the interface stales in 
capacitance-based techniques might be the 
major cause of the reported discrepancies 
between the surface state configuration on 
GaAs real surfaces (discrete ener^ states) and 
at the GaAs-iusulatiott interface state con- 
figuration (continuous energy distribution) and 
also of the incomisteocies in the results of many 
investigations on GaAs MIS structures. It 
was this hypothesis that motivated our in- 
vestigation of interface states throu^ the 
analysis of the spectral and transient responses 
of photostfmulated currents in MIS struc- 
tures.**’ 

The measurement procedure is schematiailly 
illustrated in Fig. 2. Figure 2(a) represents the 
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Fig. 2. Schemalic illustration of the procedure eett. 
ployed in mesHuments of photodiseturae of ia- 
tciface etatex. 
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M05 ttructure witb a residual amount of 
charge trapped at the interface. A large positive 
bias filling pulse is applied to the gate^ Fig. 
2(b). creating an instantaneous current spike. 
This spike represents the lowering of the 
surface potential barrier and filling of the 
interface states. The gate voltage is tk.Yn 
switched to a negative bias to drive the GaAs 
into depletion; since thermal generation is 
negligible, the sutes remair. filled. The struc- 
ture is then illuminated with subbandgap 
monochromatic light and the current moni- 
tored. Fig. 2(c). When he^£,-E„ (£. is the 
energy position of the trap relative to the 
conduction band minimum) electrons are 
excited From the trap to the conduction band, 
where they are swept away from the interface 
by the large electric field, and are recorded as 
discharge current. In the absence of thermal 
generation (low temperature) and negligible 
concentration of recombination centers (high 
surface barrier and no minority carriers) the 
photodcpopulation of inteifacc suites can be 
described as:**’ 

dn,/d/= (la) 

or 

ff.=/r.pe-‘'‘,-r»(/ffi)-‘ (lb) 

where / is the photon flux, a, is the photo- 
ionuation cross section, n, is the concentration 
of electrons in a disetete interface state, and n,o 
their initial concentration. Thus, the photo- 
discharge curreot becomes 

/(r)«=/oe"‘'* where /o= (2) 

It is thus apparent that the reiaxation time t, 
of the discharge provides a measure of the 
photoionization cross section, while the product 
Jt,x gives the initial discharge in the interface 
states, The total charge transferred from the 
interface upon illumination can also be obtained 
as 

(3) 

For a single state touliy depoputaied I A|2mI ~ 
9n,o. 

It should be noted that this experimental 
procedure provides a simple means for dis- 
tinguishing between discrete states and slates 
continuously distributed in energy. For a 
discrete state, only t (or Oj) depends on photon 


energy, while is a constant independent of 
the energy of the photons utilized in the photo- 
diicbarge process. Thus, should exhibit a 
step-likf energy dependence. i,e., A{2t,*°0 for 
Ae<£,~£, and |ACJ«?fl,o for he>E^-E^. 
For states with continuous energy distribution 
both T (oi 0 |) and if,o depend on energy. 

Figure 3(a) shows a typical current transient. 
By repeated filling and photodischarging of the 
interface traps at various photon energies and 
by determining the integrated area of each 
current transient, the total charge, Ag^, 
Rmoved from the interface is obtained as a 
function of he shown in Fig. 3(b). A definite 
step-like threshold in AQ„ is found at 0.7 eV 
remaining constant until 0.85 eV where a second 
threshold appears with again becoming 
constant. Identical step-like behavior as a 
function of photon energy was exhibited by the 
independently measured roduct (as pointed 
out above |A0«t**J«r'»gn,o)- This behavior 
is characteristic of discrete traps. 

A quantitative analysis based on eq. (2) 
yields the following trap parameters: 

0.73 +0,03 eV, W„-:6x I0'*cm•'^ ffir'=3x 
10'“ cm^ and £,i-0.«7+0.03 eV. 

7.5 X 10’* cm“^ <r|y*«= 10'“ cm*. 

The energy position of these deep interface 
states is in good agreement with those reported 
for real surfaces as well as those with sub- 
monolayer oxygen coverage and deposited 
metals as seen in Table I. 

In contrast to surfaces with low oxygen 
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Fig. 3. (•) Fhoiodiscfivge current uansiem for 
AfoO.^eV snil photons em'^si <b) charge 

removed from interiaoe states tqt photoditcharge 
St a function of photon energy. 
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Table 1. Main Gauii DiicitUi Suiface/Inwifacc Stalaa. 



RcalSurfaoes 

Adatom Inffuced 
(Sumbonolaycr Coven^) 

OaA».Oxid« Interfscea 

C3cen 

EfE, N, 


lcm"‘) 


A'. 

Surfaeei 

<eV) (cm-*) 

itV) 

(cm'*J 

No sums" 
in the 

0.70 to 0 73’ - 

0.7 ±0.03 ’•» 

'>->tO‘*cin"’ 

0,7 ±0.05*" 

3^ 10'*cm-* 

emravesp 

0.9 wt.O’*" 

0.9±0.03'« 


0,«5±005*" 

3x 10" cm'* 


Slate* only weakly 



Hi|h density shallow sute* 


affected by ambient 



in the vicinity of conduction 
and valence band edges 


coverage, the CaAs-tfiick oxide interfaces 
exhibited a high density (-lO**®!!!"*) of 
shallow dtMiors and acceptor pairs; photO' 
excitaiiOB of these pain led to a gigantic 
photoiooization of deep interface slates with 
rates 10’ times greater than direct transitions 
into the conduction band as a result of energy 
transfer from the excited dooor>aoceptor pairs 
to deep sUtes.**’ 

Similar results on deep interface states were 
obtained on p-type GaAs MOS structures*** 



Fi|. 4. Discrete interfSoe States in GaAs MIS 
strucluics/ 



Fif. 5. Summary of enetiy dtixnun of p-iype GaAt 
MOS structure. 


and on MIS structures with GaAs-SijN 4 
interfaces.*®’ We consider these findings 
significant, as they lead to the important 
conclusion, inferred by investigations on real 
surfaces, that the energy positions of interface 
states arc independent of the conductivity 
type of the semiconductor and the nature of 
tlw insulator (Fig. 4). 

A summary of the results obtained on p*type 
CaAs MOS structures with phoiodischarge of 
interface states and internal photoemissioa 
measurements*” is shown in Fig. 5. 

§4. Rcsoliition of Extrinsic Cmnptexftica 

We believe some important problems con* 
tributing to the complexity of the analysis of 
experimental results, of the understanding of 
the behavior of GaAs MIS structures, and thus 
assessing the application potential of such 
structures have l^en resolved. 

The finding that the interface states are 
independent of the nature of the insulator, but 
are characteristic of the real GaAs surfaces, 
essentially eliminates the need to consider the 
insulator as a significant factor in the behavior 
of the MIS strfactures and identifies the major 
controlling parameter. Interference from electric 
charges in the insulator can now be diagnosed 
and eliminated. 

The establishment of the presence of discrete 
energy interface stales ted us to an investigation 
where capacitance measurements were carried 
out on GaAs MOS structures in conjunction 
with photo* a well as thermal emission.’” We 
found that all essential features of the 
anomalous behavior of GaAs MIS structures, 
such as the frequency dispersion and the C*V 
hysteresis, could be explained on the basis of 
the pinning of the Fermi level and the lime con- 




oRiGtnA-. r 
OF POO.^ - ' 


GaAt MIS Strueutret—ifoptlett or promising ? 17 


Tible li. Kole of tnierfM* Sum fn Elcctrioil ftchavior of G«As MIS Siivcturu. 


Efleci 

Explanation 

Comment 

Appetranoe of plasm 
in C-V characttrisiics*** 

Piniuna of Fermi level by high deiuity 
imerfsce states 

Surface potential variation 

Frequency-temperature 

dispereien 

Frequeitcy-iemperaiure ilependsnce of 
lime constants associated urith charging 
and discharging of interface euscc 

Cturacierisiics of MIS devices change 
with operation frequency and/or 
ttiTtperaiure 

Capiure of free carriers 
at interface 

Thermal activation over tutface hairier 

Ai low lempetature surface potential 
varies with temperature 

C-V hysteresis 

Strong time dependence of emission of 
carriers from interface etaies 

Causes drift in MtS devices with time 


tUnU of the charging and discharging of the 
higti density discrete energy interface stales. 
A brief iummary of some of the results is 
presented in Table II. 

We certainly do not intend to imply that the 
resolution of the main complexities associated 
with the study of the GaAs MIS structures 
means that all extrinsic problems are solved. 
We do believe, however, that investigations on 
GaAs MIS structures can now be more sharply 
and effectively focused. 

|S, lahcrcnt Prabkm aid Potential Promise 

The high density of discrete energy interface 
states is indeed an inherent problem in GaAs 
MIS as they are essentially "intrinsic" in GaAs 
real surfaces. Their energy positions 0.7 and 
0.9 eV below the conduction band (these values 
should not be considered more accurate than 
±0,05eV) appear to be invariable. Surfaces, 
of any orientation, cut, polished, and etched 
exhibit the tame states regardless of etchant, 
etching procedure, or ambient to which they 
are sul^uently exposed.^'*'** The same 
sttted are formed on cleaved (110) sate free 
surfaces upon submonolsyer coverage with 
oxygen or various metals.'** Even when thick 
oxides are grown^** or other insulators are 
deposited*** on these surfaces, no basic change 
ukes place in their surface sute configuration. 
The hig^ density of shallow donor and ac- 
oeptor pairs we reported st GaAs-thick oxide 
interfaces'** n»y be part of the basic surface 
structure, but they cannot be detected by 
techniques employed on real surfaces. 

The conclusion is inevitable: the GaAs 
surface or interface states origiDate in lattice 
defects. Spieer and eoworkers'** have assigned 
them to missing Ga and As atoms as a result 


of interactions of the surface with chemical 
species. 

Deep levels are not unique to the GaAs 
surfaces. A number (more than S) of deep 
levels, both donor and acceptor types and 
unrelated to impurity atoms, are present in 
melt-grown GaAs crystals.**’ Although they 
have been attributed to lattice point defects 
(and their complexes) no assignments to 
specific defects have been made with certainty 
with the exception of the major and most 
studied deep level (referred to as EL2, 0.82 
eV below the conduction band) which wc have 
assigned to the antisite defect AsGa,’** an 
assignment being widely accepted. 

We will outline briefly the behavior of these 
levels. Their density is significantly afiected by 
high temperature treatments,*** apparently due 
to lattice defect interactions. Even more 
interesting we consider the finding that their 
concentration is affected by the stoichiometry 
of the crystals and the presence of shallow 
donor and acceptor impurities.*** in fact, by 
controlling the stoichiometry and the impurity 
concentration tve have grown deep level-free 
crystals*** apparently as the result of minimiz- 
ing the point defect concentration. More 
recently we found that by introducing hydrogen 
in GaAs crystals in a hydrogen plasma dis- 
charge of 300°C, the EL2 level is completely 
passivated.**’ 

At thing time there are no sound reasons to 
lead us to the conclusion that the deep inter- 
face states and the bulk deep levels are identical 
or dllferem. However, tome extrapolation of 
our knowledge on deep bulk levels to the 
interface states, even on a speculstive basis, we 
believe to be appropriate, as both types of 
levels mutt be directly or indirectly vacancy 
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rclalid. 

Vacancies are inevitably “frozen in" in CnAi 
ciysula; they must then be present in the 
surface region. The fact that no surface states 
are found in clean cleaves surfaces’* simply 
suggests that either their concentration is below 
the detection limits of the experimental tech* 
niques (if the surface states are due to vacancies) 
or their concentration is below a critical value 
necessary for the formation of point defect 
complexes (if the surface states are due to point 
defect complexes). In either easct it is reasonable 
to assume that the “frozen in” concentration of 
vacancies should piay a role in the density of 
surface and interface states. Unfortunately, 
no systematic studies have been carried out on 
the density of surface sutes for crystals with 
relatively low vacancy concentration (LPE 
layers) and for crystals with high vacancy 
conceniraiion (melt-grown crystals). 

Thus, it is reasonable to hypothesize that the 
density of surface sutes can be decreased, 
hopefully to an accepuble value for high 
quality MIS structures, by the growth of 
“appropriate” crysUis, by special treatments of 
CaAs-insuiator interface or both. Appropriate 
crystals should be as dose to stoichiometry 
as possible and contain vacancy-gettering im- 
purities such as Si. Special treatments can 
involve the Introduction of vacancy-gettering 
impurities (such as Si) during the formation of 
the GaAs-insulator interface, the introduction 
of deep level passivating species, such as 
hydrogen, and heat treatments of the GaAs- 
insulator structure. 

We believe that our hypothesis is justified on 
the basis of present Icnowledge; we must, 
therefore, conclude that GaAs-MIS structures, 
far fyoffl being inherently hopeless, are most 
promising for an exciting GaAs-MIS tech- 
nology. We also believe, however, that much 
mo» extensive and intensive research and 
development efforts, than in the past, must be 
devoted to ail “components'* of GaAs-MIS 
structure. 

ft, SnauHary 

The immense potential of GaAs for MIS 
applications, far beyond those of Si MIS 
technology has not been realized because of 
the high density of interfhee sutes and because 
CaAs and its native oxides lack the electronic 


compatibility cf Si and SiOj. However, it has 
been esublished that the interface sutes have 
discrete energy positions, which are independent 
of the surface treatment or the insulator, and 
they originate in lattice defects. 

The knowledge of the energy positions and 
dynamic parameters of the interface states 
made it possible to understand the perplexing 
anomalous behavior of the GaAs MIS struc- 
tures (e g., frequency dispersion and capaciUnce 
hysteresis). Thus, these states constitute the 
main inherent problem in the development of 
device quality GaAs-MIS structures. 

However, with ftiriher uttdersunding of the 
origin of these sutes and their relationship to 
the defect structure of the crysuls, it appears 
quite possible that control of their density to 
desired values is achievable. Thus, GaAs MIS 
structures, far from being hopeless, present real, 
promise for new breakthroughs in MIS tech- 
nology. 
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Shallow donor aaaociated with tha main alactron trap (Et2) In 
malt-grown GaAa 
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A lyitematic analyiis of Hall effect msasurementa on a large number of melt-grown OaAi 
ciyitals with different concentrationt of the ouyor deep trap |EL2) revealed the prcaencc of a new 
•hallow donor level (20-30 neV below the conduction band) with concentrationt limilar to those 
of the EL2. Thia finding indicates that the BL2 center is adouble donor consisting of the deep EL2 
donor at Ef — 0.76 eV and a shallow donor state. The pretence of the shallow donor state should 
have important consequences in the formulation ofacompenution meehaflism in seoii-insulating 
OaAa. 


PACS numbers: 72.20.My, 72.80.Ey, 78.SO.Ge 


It it commonly accepted that the high resistivity of "un- 
doped" semi-insulating GaAs results from the compensa- 
tion of shallow acceptors by deep donors (EL2] located at 
Ef — 0.76 eV. The shallow acceptors are most likely due 
to residual carbon impurities.*** The question of the origin of 
the EL2 donor is more uncertain.*^ Most recently, EL2 has 
been attributed to the antitite defect Asq, completed with a 
native defect (e.g.. an arsenic vacancy on a neighboring lat- 
tice site) rather t^ to any impurity or to a simple native 
defect.'* The first indication of the association of an addi- 
tional donor with EL2 was provided by our recent finding 
that the EL2 is pssuvsted by atomic hydrogen-, this passiva- 
tion is accompanied by a greater decrease in a free-clectron 
concentration than expected from the elimination of a single 
cbaigr teep donor state at £, -> 0.76 eV.* The question of 
the charge tute of the EL.2 complex is critical not only in the 
understanding of the origin of this center, but also in the 
quantitative explanation of the compensation mechanistu of 
semi-insulating (SI) QaAs (Ref. 2). 

In this letter we rqmrt the results of a systematic study 
on a large number of Bridgman-grown crystals, aimed at 
establishing the presence and the parameters of the shallow 
donor associated with EL3. 

The study was petformeil on semiconducting n-type 
GaAs since the deep levels can be readily determined with 
Schottky barrier eapacftmoe (current) transient measure- 
ments and the shallow donors can be conveniently measured 
from the temperature dependence of the Hall effect and the 
conductivity. Samples s/ere grown using a Bridgman-type 
apparatus «.’hicb allowed very precise control of the growth 
parameters." The electron concentration was varied 
between 10'* and 10'*cm~*by intentional doping with Si, S, 
$e, and Te. The As partial pressure during the growth (i.e., 
the As/Gb ratio in the melt) was adjusted by selecting an As 
source temperature between 613 and 619 *C. Raising 
(lowering) 7 a* was used to increase (decrease) the concentra- 
tion of the EL2.* For crystals with dectron concentration of 
about 10'* cm'* the employed range of 7 a. enabled the 
modulation of the EL2 concentrarion by a factor of 2. The 


EL2 concentration and its lenaitivity to the As source tem- 
perature (i.e., to the nett composition) decreases with in- 
crying electron concentration n. In fact, for n exceeding 
3 X 10'* cm'* the melt-grown ciyatals had an EL2 concen- 
tration below the detection limit of about 2X 10'* cm'*, 
irrespective of the source temperature. 

Representative experimental data of the Hall constant 
versus temperature for two samples containing EL2 are 
shown in Fig. 1. It is seen that there is a systematic increase 
of the electron concentration with increasing temperature. 
This behavior indicates the existence of a donor level the 
occupancy of which changes substantially in the tempera- 
ture range employixl. For EL2-free samples, the changes of 
the electron concentration were found to be about one order 
of magnitude smaller. 

For a quantitative ueatment of the free-canier Bee- 
zeout caused by the sbatiow donor we have determined the 
temperature dependence of the total electron concentration 
from the expression 

»|7)-«,-l-iV„{l-/,|7)l. (1) 

where -N^i Ne; »ad m the concentra- 
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tions of the ionized donors end acceptors, respectively. Nta 
is the total concentration of the EU^reteted shallower do- 
nor; Ef is the Fermi energy detennined from the free-elec- 
tron concentration. It is assumed here that any shallow hy« 
drogenic donors and acceptors (at concentrations JV^ and 

respectively] sn completely ionized in the considered 
temperature range (no measurable freezeoul was found in 
the EL2'free material), while the new, less shallow donor 
Nio determines the change of the election concentration 
with temperature. The oocufuacy function for this donor is 
given by 

/AT) = [g espioA ) czp( - eSo - E,]/kT]~ \ (2) 

where g is the degeneracy factor. Here, it is assumed that the 
ionization energy E^o linearly dependent on temperature 
Ejd “^^sd ~ ^ T . 

The factor g depends on degeneracy of the shallow 
state. At present no information is available on values of the 
degeneracy factor and of the tmperature coefficient a. Ac- 
cordingly, theprodttctg expla/k ) must be created asa Acting 
parameter in the analysis of the experimental data. The cal- 
culated results ofn(r) - n(77| v$ |/robtained from Eqs, (2)- 
(4) withgexpis/A ) » 2 are shown in Fig. 1 (dashed and solid 
lines); n|77)siVp » const. In these calculations the 

following values of independent vtriables were used: £» 
= 20 meV, - JV,p = 2.2X 10'* cm“^ (solid line) and 
£so * 2^ snd Ajp = 3.6x 10“ cm~^ (dashed line). 
The above concentrations of the new donor are in good 
agreement with the EL2 concentration in the two samples, 
l.e., 2.2X l0“(O)snd J.0X 10“ (£|^). respectively. The value 
g expia/k ) = 2 coresponds to a simplest case of a hy drogenic 
type donor (g = 2; a = 0). It should be noted, however, that 
for gexp((r/A ) ranging from 2 to 6, a good fitting can be 
obtained by introducing a 30% change in the new donor 
concentrationA^sp andtakingEsp valuesin the range 20-30 
meV. For g exp(a/A ) < I the experimental data cannot be 
satisfactorily fitted using expressions (2) and (4). 

The association of a shallow dotior with the EL2 center 
was further investigated employing about 200 samples in 
which the EL2 concentration varied from below the detec- 
tion limit about 4X 10'* cm~^ On all these samples Hall 
effect and conductivity measurements at 77 and 300 K were 
carried out, and their EL2 concentration was determined by 
Schotthy diode transient capacitance measurements. Repre- 
sentative results are shown in Fig. 2. The approximately an^ 
to-one correlation between — and EL2 concentra- 
tion implies the presence of a donor level with 
concentrations which are the same as those of £L2. 

Secondary-ion mast spectroscopy (SIMS) analysis car- 
ried out on 16 representative samples containing BL2 and 
EL2«free did not reveal any relationship between chemical 
impurities and the new shallow donor. It should be also 
pointed out that the concentration of other electron traps 
(EL4, ELS, and ELS) in the samples investigated was about 
oneorderof magnitude smaller than that of EL2. Thus, their 
contribution to the observed changes of n can be neglected. 

Its 



Flo. 2, Eieciron freeztout, a< 300) — a|77| vt EL2 uncentruion. The elec- 
li^ concentration »\iW) in the wmpln nn|ed Trom 10'* to 10" 

CB“*. 

In Fig. 3 the concentration ratio y = /i(300)/n(77) is 
plotted as a function of electron concentration a(r) for a 
large number of sampia. It is clearly seen that there is a 
systematic difference between the EL2-containing and EL- 
free samples. The samples containing EL2 exhibit a noticea- 
ble decrease of n at lower temperatures, as manifested by y 
values larger than one. Such a freezeout is not observed for 
EL2-free samples for which y remains 1.00 j: 0.03 in the 
concentration range 5xl0“S«SI0'* cm"’. This result 
provides huther support for the one-tOK>ne correspondence 
between iV ,p and A'eu . 

With the aid of expressions { 1 ) and |2) we have calculat- 
ed the theoretical dependence of n(3G0)/n(77) on the Tree- 
electron concentration (which determines the Fermi energy) 
assuming a constant concentration of iV,o = i x 10'*cm~’, 
equal to the average conceniration of the EL2 in the samples 
employed in Fig. 3. Other parameters were taken the same as 
in fitting the data of Fig. 1; i.e., g exp(a/A ) = 2 and Ejo 
= 20 meV. The theorelicul results are represented by the 



FIO. 3. Relative change of the dectron conceniration ojog/n?? vt electron 
conceniniion at KX> K in the pretence and abtencc of EL2. teiid line waa 
calcuUieduiingEq.U). 
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•olid line on Fig. 3. It U seen that the theoretical curve is 
consistent with the general tendency of the experimental 
data. The scatter of the experimental points about this curve 
it expected, since there ut differences in the EU concentra- 
tion in the samples. 

In our measurements we have assumed that the tem- 
perature dependence of the Halt coefficient is entirely deter- 
nuned by the changes of the electron concentration in the 
temperature range IT-SOO K.. This assumption is valid when 
the Halt factor defined as the Hall-to-drift-mobiiity ratio 
temperature independent. The value of the 
Hall factor depends on the scattering mechanisms determin- 
ing the electron mobility and on the electron statistics. The 
fact that the mobilities in the EL2-conlaining and EL2-frce 
samples were similar indicates that the same scattering pro- 
cesses determine the mobilities in both eases; the electron 
statistics are also the lame, since the samples had the same 
electron concentration (at 300 K). Accordingly, the observed 
changes in electron concentration as a function of tempera- 
ture in the EL2-containing samples (Fig. 3j are not due to 
changes in the Hall factor. Indeed, measurements of the Hall 
constant carried out for several typical samples at very high 
magnetic fields (up to 140 kOs), at which/rw'ff > 30* and the 
Hall factor approaches unity, showed that the concentra- 
tion difference m( 300] -> n (77) is within lf% the same as that 
determined at low magnetic fields, 

The present findings have two important impiioMions 
regarding the origin of the EL2 and the quantitative treat- 
ment of the compensation mechanism in S! GaAs. As point- 
ed out above, there is increasing evidence that the EL2 in- 
volves the antisite defect ASq« not alone, but in a complex 
with another native defect (r<iost likely an arsenic vacancy). 
The present discovery of an additional shallow donor state 
associated with theEL2 defect together with recent theoreti- 
mU calculations on the antisiie Asq. energy levels’’ can be 
considered as additional evidoice against the association of 
the EL2 with the antisite defect alone. 

The increased concentration of ionized shallow centers 
indicated by the present finding accounts for the typical mo- 
bility values in SI OaAs. Let us consider SI OaAs with the 
EL2 concentration Since in this maleriai all shallow 
donors must be ionized, the lowest ionized Impurity concen- 
tration should exceed - On the other hand, the materi- 

al srill be semi-insulating as long as the concentration of ac- 
ceptors does not exceed 2 ^eu- The doubly ionized 
EL2-related defect will effbetively scatter as four separate 
centers. Therefore, the effective concentration of ionized 
•cattcring centers will be <6A’u.,. However, in n-type un- 


doped GaAs the deep EL2 level is often almost entirely un- 
occupied. Therefore, in such material the total ionized impu- 
rity concentration should be close to . Considering a 
typicai EL2 concentration in SI GaAs between 10” and 
2x lO^cm"*, oneobtainsa concentration of ionized impur- 
ities between 2 X 10” and 4x 10” cm’* *. Employing the re- 
sults of tl\eoretical calculations of electron mobility in 51 
GaAs in Ref. 13, we find that mobilities In the samples em- 
ployed in this study should range from 5500 to 3000 em’/Vs. 
This range is in good agreement with experimental values of 
electron mobilities measured in undoped Si GaAs. 

In summury, we found that a new shallow donor with 
the binding energy 20-30 meV is associated with the center 
responsible for the EL2. The concentrations of both the new 
shallow donor and that of the deep EL2 donor were found to 
be the same in a pven sample. The present finding accounts 
for the reported mobilities of Si OaAs and indicates that 
eompenulton in SI GaAs must requ.ire shallow acceptor 
concentrations greater than those of EL2 rather than 
smaller, as previously supposed. 

The authors are grateful to the National Aeronaut'ics 
and Space Administration for finanacial support. Part of this 
work was performed at the Francis BitiA National Magnet 
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The electrical behavior of GaAa-lnsulator Interfaces: A discrete energy 
interface state model 

T. E. K»zior.*> J. Ugowskl, and H. C. Gatos ORIGINAL PAGE i 

MMUuJiusitislHsUtuteo/TtehMlogy, Cambridge, MeaechuttittOtlSf Qp POOR QUALlT't 

(Received S November 1982; accepted for publication 24 January 1983] 

Hu relatioaship between the electrical behavior of GaAa Metal imulator Semiconductor (MIS) 
■tnictures and the high density discrete energy interface states (0.7 and 0.9 eV below the 
conduction band) was investigated utilizing photo- and thermal emission from the interface states 
in conjunction with capacitance measurements. It was found that all essential Ibaturcs of the 
anomalous behavior of GaAs MIS structures, such as the frequency dispersion and the C-V 
hysteresis, can be eapiained on the basis of nonequilibrium charging and discharging of the high 
density discrete energy interface states. 

PACS numbers: 73.40.Qv, 72.20. Jv 


INTRODUCTION 

The development of a GaAs Metal Insulator Semicon- 
ductor (MIS) technology has not thus far been realized be- 
cause the C-Kbebavior of CaAs MIS structure is typically 
characterized by a large majority carrier hysteresis and a 
pronounced frequency dispersion. This anomalous behavior 
has been attributed to a high density of interface states with a 
continuous energy distribution throughout the energy 
gap.*'* However, no interface sute distribution model has 
adwiuately or unambiguously explained this anomalous be- 
havior. 

A number of investigators have proposed a U-shaped 
eominuous distribution of sutes with maxima near midgap 
and war the band edges most of these studies were per- 

formed using capacitance techniques, which present serious 
dilBculties due to the anomalous capacitance behavior of the 
GaAs MIS structures. Deep Level Transient Spectroscopy 
(DLTS) measurements have led to inconsistent results such 
as the inconclusive identification of a slate with an activation 
energy of 0.37 eV below the conduction band,* a continuous 
distribution of states with a peak of 0.43 eV below the con- 
duction band,’ and a discrete state with an activation energy 
of 0.38 eV assigned at midgap.^ The latter sute is part of the 
more complex Interface Sute IBand (ISE) model in which the 
presence of interface state bands associated with the semi- 
conductor bands are invoked in an attempt to explain the 
anomalous electrical behavior of the OaAs-insulator inter- 
faces.'*^'*'^ The above anomalous behavior has also been at- 
tributed to the existence of a compensated layer near the 
semiconductor surface which is the result of anodization- 
induced surface damage'*; and also to an overcompensated 
surface layer which is caused by a high density of discrete 
interface sUtes near midgap extending spacially into the k- 
miconductor bulk." 

Invatigations of "real” surfaces of GaAs by pulsed 
field dfect techniques and surface pbotovoluge spectrosco- 
py revealed the presence of two sUtei with discrete energy 
positions at 0.7 and 0.9 eV below the conduction band"''*; 
their energy positions were found tobeindependent of orien- 
tation and surface preparation procedures. Surface sutes at 


‘Fnsern widitt*: luytiwaa Coapuy, Lexinsun, Msittcbuictu 01773. 


these two energy positions were subsequently observed on 
GaAs surfaces with a submonolayer coverage of oxygen and 
of various metal adatoms ' it was proposed that these stales 
must also be present in the GaAs-thick oxide interfaces.'* 

In an cerlier study a high density (10" cm~*) of inter- 
face sutes with discrete energy ofO.65 eVbelow the conduc- 
tion band (f, — E, ~0.d5 eV) was identified at the OaAs- 
anodic oxide interface employing DLTS.'^ A similar high 
density discrete interface sute was also found at GaAs- 
S>iN 4 interfaces." Employing a photoionization discharge 
current te^ique'*"** the presence of the sttte was con- 
fimed, and its density was determined to be about S x 10'^ 
cm ~ in addition a second sUte 0.9 eV below the conduction 
band was observed; furthermore, a gigantic photoionization 
process involving a highly effective indirect discharge of the 
deep sutes was discovered.'* The interface sute model 
which resulted from this latter study together with earlier 
proposed models are shown in Fig. 1, 

In the present study a detailed analysis of the capaci- 
tance characteristics of GaAs-anodic oxide and GaAs- 
Si]N 4 atnictures was carried out utilizing photo- and ther- 
mal-discharge of the high density discrete energy interface 
sutes to investigate the relationship between the characteris- 
tics of these sutes and the anomalous electrical behavior of 
GaAs MIS structures. 

EXPERIMENT 

High quality n-type Liquid Phase Epitaxy (LPE) and 
Vapor Phase Epitaxy (VPB) GaAs epitaxial layeis were used 
in this study with electron concentrations ranging from 
7 X 10'* to 8X 10'* cm~*. Epitaxial layers were chosen since 
melt-pown GaAs exhibits high densities of deep levels, of- 
ten comparable to the free carrier concentration. DLTS 
analyris perfonned on metal semiconductor (MS) structures 
formed on adjecent samples iirom the same wafers showed 
that the concentration of bulk traps, when detectable, was 
< 10~* tuna that of the electron ooneentration. At worst, 
the bulk trap density corraponded to a density of trapped 
charge in the semiconductor space charge region l.S orders 
of magnitude less than that trapped at the interTase. Thus, in 
this study, charge exchange with bulk traps played as insig- 
nificant role in comparison to that with interface traps. 


2633 


J. Appl. Phye. M 9 ). May tM3 


0021 .«eT»/e3/G52S33-07t02.40 


©1B83 American inaiituteot Physics 2533 



ORIGINAL PAGE IS 
OF POOR QUALITY 



Flo. 1. OiAs inttffMs« *ute modtb: (•) U'Skipcd duiributloni obulned 
from u|McitaB« bated meuurementt (Reft. l-4|i (b) unified defect modet 
(Ref. >fi|; (c) our model derived from photoioiiiuiion diteturie cuimt 
anelyii*(Reft. 19-21]. 

For 0*As>unodic oxide structures, oxide layers were 
formed using the AGW process (Anodization in Glycol and 
Water)** in constant current mode (/» IQO /r A cm“*) un- 

til a predetermined thickness, typi^ly 2000 A, was formed. 
The anodization current was then altowed to decay to < 3% 
U to complete the oxidation reaction. High resistivity oxides 
{ > 10 '* A cm) were obtained from this procedure. 

For OaAs-SijN^ structures, the SijN 4 layers, typically 
10 (X) A, were deposited from a mixture of SiH 4 , NH 4 , and N j 
in a parallel plate R. F. plasma reactor [Plasma Enhanced 
Chemical Vapor Deposition). MIS structures were formed 
by evaporation of semitransparent Au layers on the insula- 
tor. 

The MIS structures were mounted on a variable tem- 
perature cryostat (temperature range 10 to 500 K). C-F 
characteristics were recorded using a standard con Aguration 
(function generator-current preamplifier-lock-in amplifier). 
The variable parameters were probing frequency (2 Hz to 1 
MHz), temperature, gate bias sweep rate and photon energy 
of sub-band-gap monochromatic illumination. The illumi - 
nation was provided by a halogen lamp and a double prism 
monochromator. 

RESULTS AND DISCUSSION 
A. FurmI l«v»l pinning 

Typical capacitance characteristics recorded as a func- 
tion of probing frequency (5 Hz to 1 MHz) and temperature 



RG. 2. Typical C- I'chanuieriuicsofe.GaAs MIS structures obtained as a 
fiuiciian of probini frequency. 


(too to 4S0 K) are presented in Figs. 2 and 3. respectively. As 
seen in these figures a '‘plateau*’ (an arrest in the capacitance 
increase with increasing voluge) appears in the C-F curves 
at values C, < Cf where C, is the insulator capacitance; this 
“plateau” capacitance value, becomes the limit of both 
the high frequency and low temperattme positive bias capaci- 
tance. As shown in Fig. 4, the ratio C^/C, increases with 
increasing electron concentration, for both the OaAs-oxide 
and GaAs-Si)N 4 structures. 

It has been postulated** that under equilibrium condi- 



RO. ). Typical C-I'eh«ic«r1(tlcs of o-OaAs MlSslrocturo obtained asa 
fiuKiion at itmperuure, 100 10 400 K. 
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tion^', a plateau can appear, in the C~ characteristics of MIS 
struciUres due to the Femit-level pinning by discrete traps at 
the interface. In the interfaces pr»:ently studied high density 
discrete traps were found to be present at £, —£,^0.7 eV. 

The relationship between the plateau and the discrete 
traps can be found by examining the capacitance relation- 
ships. For high probing frequencies the interface state ca- 
pacitance becomes neglipble and the total MIS capacitance, 
Ctot > can he approximated as due to the depletion capaci- 
tance, Co, and the insulator capacitance connected in series: 

1/Ctot ” 1/Cj> + 1/C;, (1) 

where €„ — (qnf,/2F, )*'*,£, is the semiconductor dielectric 
constant, and V, is the surface potential 

When the Fermi [Ef) level is pinned by the discrete trap, 
£„ the surface barrier becomes E, — £p. Thus, from 
Eq. (1) the plateau capacitance ^TOT is obtained as 

. Cf/C, - C; [ V2(£, - E^Wne, +«)''. f^) 

The Fermi energy in the bulk, Ep, (measured with respect to 
the conduction hand edge) can be determined as a function of 
n from the relationship 

« = 5.44X 10'*(M*r/mo)’'’£,;,(£f AT). 

where F,;; is the Fermi-Dirac integral 

The dependence of C,/C, on the electron concentra- 
tion calculated from Eq$. (2) and (3) is shown in Fig. 4 (solid 
line). It is seen that the agreement between the experimental 
data and the theoretical treatment is excellent, indicating 
that the Fermi level does became pinned by the 
£, — £,•= 0.7 eV discrete states present in GaAs MIS 
itnictures. h is alsoof interest to note that the present model 
leads to a much better agreement with experimental data of 
Fig. 4 than the recent model of Ref. 1 1 based on a concept of 
interface traps extending specially into the semiconductor 
bulk. 

To further underetand the effect of the interface states 
on the capacitance characteristics, we will contider the 
charge balance 
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and the summation of the voltage tbrougljbut the structure: 
Fu«.»K. + F..f || (5) 

Here Gstu and Q, are the charges at the gate and in the 
insulator, respectively: Gk = (2fenF,|''^ is the semiconduc- 
tor space charge, » qn, is the charge 1st interface states, 
B, is the density of trapp^ carriers; ind V, are the bias 
and insulator voltages, and is the difference between the 
semiconductor and the metal work functions. Considering 
Gauss* law for a sheet of charge on an insulator we have 


Gbi«=QF;. 


(6» 


Combining Eqs. (4j, (5), and (6), the following expression is 
: obtained for the applied, gate bias. 


f'bu. - - {2qe,n F,}>«/C, - ft/C; -i- F„,. (7) 


Charging of the initially empty interface traps begins 
' when the Fermi level at the interface moves up to the vicinity 
of £, (i.e., qV, ssE, — £;•). A corresponding value of the bias 
voltage defines the onset of the capacitance pla- 

: teau in C-F characteristics. 


F„ = - [2f;«l£, - Ep)] ^»/C, - ft /C; 

+ |£,-£|.)/9+ F„.. (8) 

The voltage at which the traps become completely filled, 
qn, s= qS, (the Fermi level is still pinned), is 

K,«»iV,/C;+Fo. (9) 

A relation between the voltage increase (F| ~ Fj) along the 
capadtanceiplateau and the density of interface traps, N, , isj 
obtained by I'combining Eqs. (8) and (2), assuming Q, in- 
stant! ! 


JV.==C;(F,-Fo)/,. 


( 10 ): 


As seen in Fig. 2, the voltage increase along the plateau 
of the high frequency (1 MHz) curve is - 30 V, (Fq is about 
— lOV.and F,— 20 V, is at the breakdown field of the insu- 
lator.) This voltage increase corresponds to a trap density, N, 
of about 6X10'^ em~* (the insulator capacitance 
C; = 3.25 X 10“* f cm~*) which agrees very well with the 
density, A,ss5xl0‘* cn»~®, of the trap, £, —0.7 eV re- 
ported in earlier studies. 
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The above estimate aud the results of Fig. 4 show that 
the capacitance plateau in C-K characteristics can be ex> 
plained as due to the pinning of the Fermi level in the vicinity 
of the Ef. — 0.7 eV interface trap. Along this plateau the 
semiconductor space charge region is in depletion even for 
large positivegatc biases; the negative charge, induced in the 
semiconductor* aocumulatca in the interface traps rather 
than in the space charge region. 


B. Caplurn of carriera 


As pointed out above, the plateau capacitance ap- 
pears when the Fermi level at the surface approaches the 
empty interface traps. As shown in Fig. 5, C, exhibits a low- 
est value at approximately room temperature, and it in- 
creases with decreasing temperature. Using C|r) data from 
Fig, S and expression (2), one can calculate the surface bar- 
rier corresponding to the capacitance plateau. Results 

are given in Fig. 6for 7* < 250 K, F, decreases linearly with 
decreasing temperature, whereas for T > 250 K it becomes 
independent of temperature. 

The results in Fig. 6 indicate that the capture of carriers 
by the interface traps, and the associated Fermi-level pin- 
ning, is a temperature dependent process. This process can 
be explained by > ridering that an electron must overcome 

the surface t '>»> t ier in order to be captured in an 

interface tr». " 'ft rate of electrons by the inter- 
face trap as described by the standard 

expres 


d. 


( 11 ) 


where o, 
velocity, k 


..^ross. section and 07. the thermal 
level pinned by the discrete traps 
Y. (£;-iS:,~0.1 eV for 



K. 



FIO. 6. Surfkce poienliai vs tempentun: |«) pmlicled behavior based on 
tempetaiure dependence of Fcnni-level position; |b| Q, observed behavior; 
solid line, appcouinitcly linear temperature dependence. 


n — SXIO'*)-, the capture rate decreases with decreasing 
temperature as approximately exp( — 0.6AT) and it be- 
comes negligible at low temperatures. In this case the inter- 
face traps and the conduction band can no longer be in dy- 
namic equilibrium. The Fermi level is not pinned by these 
traps. In order to fill the traps the surface barrier must be 
lowered by increasing the gale bias to some new value. Ac- 
cordingly, at the low temperature region, the onset of the 
capacitance plateau (which corresponds to the onset of elec- 
tron capture by interface traps) will shift to more positive 
gate bias, i.e., to lower values of the surface barrier. 

The value of V, corresponding to the capacitance pla- 
teau can be obtained from the time derivative of £q. (6) 

dQ^/dt = C,dV,/dt. ( 121 

Substituting Eqs. (4) and (5), and taking d/dt=‘Q, 
dQf/dt =s 0, Eq. (12) b^omes 

iqd»,/dt - dQ^/dt]"^ C,{dV^/dt - dVJdt ). (13) 

Along the plateau, dV,/dt = 0 and dQ^/dt «= 0; thus, Sq. 
(13) becomes 


qdn,/dt^^N,-n,)e„. 


(14) 


Substituting Eq. (i 1) into Eq. (14) and solving for F, yields 


V. = 


-kT/flln 


C,d\\^/dt I 


(15) 


Thus, V, varies linearly with temperature; the slope is weak- 
ly dependent on \a(dV^/dt ) and ln(n), i.c., on the bias vol- 
tage sweep rate and on the carrier concentration. It should 
be noted that an order of magnitude change in either bias 
voltage sweep rate or carrier concentration [as determined 
from Eq. (3)] leads to only a 2% change in C^, , whicli is well 
within tiir. experimental error of typical C- F measurements. 
As seen in Fig. 6, the experimental points V,[T) for T 200 K 
agree very welt with values calculated from 1^. {15} (solid 
line). 

This result confirms that the capture of carriers hy the 
interface traps occurs through thermal activation over the 
surface barrier. For T <250 K the interface traps and the 
conduction band are not in dynamic equilibrium and qV, 
varies with temperature. For T>250 K, the interface traps 
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and the conduction{^^?em»nSn a dynamic equilibrium 
and the capacitance plateau corresponds to the pinning of 
the Fermi level (discussed above) and the surface barrier 
—Ef which varies only weakly with increasing 
temperature. 


C. Fraqutncy and tamparature dapandnnca of C-V 
bahavlor 


It was shown in Figs. 2 and 3 that, for positive values of 
gate bi.as, Cfor increases with increasing temperature and 
decreasing frequency. As seen in Fig, 7. Cyor is sLo depen> 
dent on sub>band>gap illumination, because of the enhanced 
emission (photoionization) of carriers from the interface 
states, in fact, the increase in C^Qy is more pronounced un- 
der illumination A v = .ff, — 45 meV, consistent with the 
finding that under such illumination the photoionization of 
the deep interface states is much more efficient than under 
Av«0.9eV.'’-®' 

On the basis oftheesperimenlal results of Fig. 7 and the 
above discussion on the capacitance plateau we propose the 
frequency, temperature, and illumination dependence of the 
positive bias total capacitance can be explained in terms of 
the frequency, temperature, and illumination dependence of 
the interface trap capacitance, C„ . 

According to the treatment of Ref. 23, C,ot can be 
expressed in terms of the probing frequency, and the time 
constant, r, of the interface states, as follows 


.-tot ■ 


Cj c*„ 

{Ct +Co+ Cf + «VC^(C, + Cpl 


Cn-t-C 


(C/ -f Ct> ■+ + a)V(C; + C^) 


]• 


( 16 ) 



FIG. 7. C-t'ehincteiutics obtained under the influence of tub-band-gtp 
monacbroma(iciUuntiiutkm:(l|ln thedirk;(2| Ai'as: 0.9 eV and/= tO*’ 
phoioni/<tn’t;())Av» £ —45 meV end/=. 10*’ pholonj/cm’ e- 


where C„ is the interface capacitance. An expression for t 
can be derived from the expression for trap occupancy 
changes 


q dt 


dn, 

"5T 


ta„Vrn 


exp( - - n») - (Cj- + C/)«f 


(17) 


The solution of £q. (17) yields: 

«,(/ ) = ArT/--f AVrtCr + f/)exp( - t/r}. (18) 

where r = l/(«“r +f/+ r); ey = exp - {Ec — E,)/ 

kTis the thermal emission rate; e, = a, I is the photocmis- 
sion rate; a, is the photoemission cross section; I is the pho- 
ton intensity, and TV, the density of .states in the conduction 
band. 

Thus, r is both temperature and illumination depen- 
dent. 

Returning to Eq. (16), the lenn <or is of major impor- 
tance. For (ur>l, Eq. (16) reduces to £q. (1). This limit is 
achieved for very high frequencies [in this case 1 MHz) and/ 
or very low temperatures; in both cases Ctot— F or 
«r<l, 1 /Ctot = l'*'(C’i> + C‘u)+ yCf, This limit is ob- 
tained at tow frequencies ( < 10 Hz) and/or high tempera- 
tures (in both cases CroT-*C^; I- For<or~ 1, intermediate fre- 
quency and/or temperature, the full expression of Eq. ( 16) is 
used, and Ctot> posisive gate bias, satisfies inequality 
Cr < Ctot < C, , as observed in Figs. 2 and 3. 

Thus, with increasing temperature (r decreases a.s e, 
increases) and/or decreasing frecjuency the value of Cfor 
increases. Under illumination, e, contributes to the decrease 
of T and consequently ^TOT increases. 

It must, thus, be concluded that the temperature and 
frequency dependence of the electrical behavior of GaAs 
MIS structures is due to the temperature and frequency de- 
pendence of the time constant, r, i.e., of the rate of change of 
the charge trapped by the inlerfkce states. This dependence 
is observed in the positive bias capacitance characteristics 
where Ctch varies with a>, t and and not with Co (F, 
» constant). 

D. D*p«ndenc« of hyuleroai* on ehargins and 
discharging of tntarfaoo states 

As seen in Fig. 8, the capacitance behavior is character- 
ized by a large hysteresis. This hysteresis is dependent on the 
bias voltage sweep rate, dV,^/dt, (see Fig. 9) and it becomes 
especially pronounced at low temperatures (see Fig. tO) 
whereby a thermal release of electrons trapped at the inter- 
face is negligible. At 10 K the dark capacitance (Fig. 10, 
cum 1 ) is shifted by approximately 20 V with a reverse bias 
sweep. On the basis of Eq. ( iO) this shift corresponds to 4n, 
of about 4X 10’ Vcm’. Ciuve 2 (Fig. 10) represents the dark 
capacitance behavior following die reverse bias sweep of case 
1 ; it is seen that the capacitance curvefor the second forward 
bias sweep is shifted to large positive values of gate bias indi- 
cating that charge remained stored in the interface states. 
Subsequently, the MIS structure was illuminated with sub- 
band-gap light to remove the charge trapped on the interface 
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ofaniMioa oTcuncnfroBiinlcrfieciUUi. laid; rcMonliOR of dynimic 
equiljbniim and nduclioo of hyturaia. 


sutes. As curve 3 shows, the cspaduoce returned close to its 
orisiiul beluvior represented by curve 1 . Depending on the 
amount of charge optically mnovni from the interface, the 
reduction of hysteresis can be controlled and the low tem- 
peraturt: capacitance behavior can be shifted to any position 
along the voltage axis (curves 4 and 5). 

At elevated temperatures hysteresis becomes less pron* 
ounced as thermal generation begins to play an increasing 
role in the discharge of *he interface states. 

The dependence trf %m bystereus on the bias sweep rate 
(Fig. 9) indicated that the emission of trapped carriers from 
the interface is time dependent, This time dependence was 



further confirmed by the following exp^iiment. The reverse 
biassweepwasarrestedatavohage ^’{Fig' BlandCior 
recorded versus time (insert Fig. 8). Ctot increased aith 
time until it reached the value of Cr-r^i of the forward bias 
sweep (in this case Cp ). The rate of this discharge was found 
to be enhanced by sub-band gap illumination. Thus, it ap- 
pears that for sufficiently long times (very slow sweep rates] 
the hysteresis becomes negligible. 

The time dependent hysteresis indicates that the traps 



FIG. It. C- f'ciwnwwnsiics.r- 10 K; 0 ~(?,iC.iheoicticat 
points; totid line, esiwrimentai duuncteristici. 
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TABLE 1. Rok of imcdaceMMes in ekctricaJ behavior of OiAs MIS urucluret- 


ElTect 

EapUnaikm 

Comment 

appearance of plateau in capacitance 
chancteristics 

pinning of Fermi kvcl hy high density interface 
aUtealE, ~E, =0.7cV 

surface potential variation resttkied to drpleiioti 
ipace<iiarge tegian. acmiconducior never reaches 
accumulation 

frequency/lemperature dispersion 

rrequetic!./tempcralurrikpemknceof lime cfaanctehStkaofMISdevices change wiih 

consiatii associated with charging and diKharging operation fiei|uency and/or lemperaiurt 
of interface stales 

capture of free carriers at interface 

thermal activation over surface barrier 

for low temperature operation, surface poienual 
varies with lemperst ure 

C-P h)-steresis 

slow release of carriers trapped by interface suies causes drift in MIS devices 


arc not in dynamic equilibrium with the conduction band; 
the surface potential f', changes with gate bias and filled 
traps move above the Fermi level; their discharge is then 
only weakly dependent on gate bias but strongly dependent 
on time. In the high frequency limit, the total capacitance 
behaves as 

1/Ctot + 1/C„ (19) 

where is detennined by £q. (7j and where 
«,(!)= n, e»p( - t/r). 

Thus, the emission of charge from the interface states, 
in addition to its dependence on temperature, frequency, and 
illumination, it also strongly dependent on time. 

E. Capadtance cfiaractarialica: ttMory varaut 
axparlmant 

Low temperature eaperimental capacitance character* 
istics will now be compared with theoretical results calculat- 
ed ftom Bqs. (1) and (7). Low temperature was chosen to 
eliminate tfaeniia] emission of trapped carriers and to 
achieve the condition <ur> f where Ctot — ^0 positive 
bias. Solution ofEq$.(l I and (7) for^ = 0 and n e 5KI0‘V 
cm^ yielded the results (points) indicated in curve 1 in Fig. 
1 1. The capacitance behavior is simply ideal for deep deple- 
tion of the semiconductor space<barge region. The points 
along curve 2 were obtain^ assuming an increase of the 
interface charge n, by 4 X 10* Vem^ (In both cases the etJeu- 
laiions were carried out for^f >0.12 eV,i.c.,fheva!ueorC, 
at this temperature). The agreement between the calculated 
points and the experimental curves is very good. 

SUMMARY AND CONULUSiONS 

The influence of the high density interface states with 
discrete energy on the electrical behavior of GaAs MIS 
structures is summarized in Table 1. At temperatures 
r> 250 K the high density of these states pins the Feraii 
level near midgap and restricts surface potential variations. 
At lower temperatures the capacitance [gateau shifts to low - 
er surface ba^er values to allow electron capture by inter- 
face traps. The main features of the anomalous eleclrical 
behavior of the GaAs MIS structures, especially the frequen- 
cy dispersion and the large hysteresis can be readily ex- 
plained on the basis of the depmdence of the time constant 

J. Appl. pnys., Vol. 54, No. S.May 1063 


associated with the charging and discharging of discrete in- 
terface states at ~ 0.7 eV on the probing frequency, on 
temperature, on illumination, and on time. The presently 
observed effects of the interface states on the C~Fbehavior 
of GaAs MIS can account for the conflicting results (ob- 
tained by capacitance-based techniques) reported in the liter- 
ature on the distribution of the GaAs-insulator interface 
states. 
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(RMei»«d M Iwwiy IN4) 

A iheorelicil model im formuleied for eieciroii fcaiieriiK in • iwo-ditnentioMl eiMtroA fK ODAfiiicd in 
• irtangulM foteniiti well. For ihe firit lime, the effccu of iii(eftieM«n<i KUieriiid were induded. An in> 
hereni mobility limit it impoicd by pbonofl, alloy, and rcmoM mptiriiiy leaiieriiw. Inienubband aeatierinc 
»n found to play a liinirKani role in dctetininina ihit mobility iiniii. The model aeoounicd very Mliifac- 
lorily for the rcponad electron mobility characieritiict In GeAt^AIAt heierotiructuree. 


The iwcHtimensional electron fas confined «i a GiAIAs- 
GaA» interface has received a treat deal of attention*'* be- 
cause its unique transport characteristics play a key role in a 
new feneration of ulira-hifh-speed aetniconductor devices. 
Thus, in “selectively doped*' GsAIAs-GaAs heierosiruc- 
lures, electrons confined at the GsAs side of the interface 
and separated from their patent donors, which are in 
GaAlAs, hive exhibited mobilities as hif h as 2x10* 
emVVs;’ this value is about one order of mafnitude freater 
than that achieved in Ihe hifhesl-purity bulk GaAs.' 

Two-dimensional electron transport in a triantular poten- 
tial well was orifinalty formulated for silicon inversion 
layers.* In subsequent publications'*'** different scatterinf 
meciianismt which contribute to the ciearon mobility in 
CaAs-GaAiAs heterosiruaures have been diKussed. In 
this Rapid Communication we report on the first cakuUtion 
of the mobility limits for the (wo-dimcnsional electron fas 
using a triangular well approximation, and considering the 
first-excited subband. All nuiior soattering proces.'^es were 
included. 

We will consider s GaAIAs-GaAs helerosiructure with a 
triangular potential well on the GaAs side as shown 
schematically in the insert of Fig. I. EJectrons ire supplied 
to the well from (he “selectively doped” GiAIAs; an un- 
doped CaAIAs “spacer” region separates GaAs from the 
le-iype doped CaAIAs region. The momentum of electrons 
in the potential well is quantized iii Ihe z direction (perpen- 
dicular to the interface) resuKtni in the splitting of (he 
(hrce-dimeniionsi conduction bend into a leties of two- 
dimensional aubbands. In our treatment of electron trans- 
port parallel to the interface we take into account two ener- 
gy subbands: the ground subband and (he firsi excited one. 
The corresponding elearon wave functions are described us- 
ing variational solutions whereby wave-function parameters 
are related to the electron fiekt within the triangular well.'* 
The electric neid, in turn, is related to the concentration of 
ionized remote impurities in GiAIAs, A<|, to (he spacer 
ihicknets d. and to the ooncentraiion tX ionized acceptors in 
(he lightly p-type GaAs bulk region. Relationships between 
Ihe pertinent parameters are established using standard elec- 
trostatic consideration.*' ' ' 

The excited subbind becomes of importance when the 
Fermi energy equals the energy separating the ground and 
the excited sublmnd. In this case, in addition to states in 
the ground subband, Ihe suies sriihin (he excited subband 
become available for electron scallerir.g leading to an abrupt 
increase in the soatiering rates. The electron concentration 


at which such intersubband icaiiefing occurs is determined 
by Ihe electric field in the well. 

For the considered gas density 0.1-1 x 10» cm'* the oc- 
euptiion of the exciicd subhand is limited only to the sutes 
j.i the very bottom of the subband. Theac states correspond 
to very small wave vectors. Thus, the momentum irsnsfer 
for intersubband scattering can be taken, to a good approxi- 
matiw). as equal to the wave vector of electrons in (he 
ground subhand. Deformation-potential and piezoelectric 
acoustic phonon icatiering rates were calculated, assuming 
that the iwo-dimcnsioiul electron atates are coupled through 
a spherically symmetric scaueting potential. Intersubband 



no. 1. Temperature de p e i w te ne e ef the etectron mobility in 
GeAlAs-GaAs hcieranruaurw, wMi MO-A-wide undoped specei. 
Points arc nperimental date from Ref T for an inierface carrier 
density of }« 10" tm~*. The cutvea are calculated mobilitict at 
this carrict density, wiUt a remote ionized impurity concentration 
of g.6v to'* cm“*. tn the btien me energetic srueture of a 
modulsiion-deped heteroitructiie ia given schematically. £p and 
£i refer to the sround and Ani-axcited lubbands. respecilvely; 
£f is the Fermi energy and dihe apacer aridih. 
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tcatterint for both acttierint tncctunitnu resulu in a mobil- 
ity drop of iboul 30H, compared with jun intraaubband 
icatterini. 

Alloy disorder scatterini arises from electrons which have 
penetrated into the GaAIAs. Since the penetration stronfly 
depends on the electron energy, the resulting electron mo- 
bility decreases rapidly with increasing electron gas density. 
The intersubbattd sattering eiTect becomes very pro- 
nounced in this case owing to a strong overlap of the parts 
of ground and excited subband wave functions describing 
the penetration into the barrier. The sattering rates for re- 
mote and background-screened ionized satierings were cal- 
culated by modifyiitc the approach, originally developed for 
silicon inversion layers.* Intersubband contributions to 
background and remote ionized impurity sattering were 
found to be important; however, in the case of remote ion- 
ized impurity sattering. its contribution is diminished with 
increasing spacer width d. At low electron densities the 
parameter denning Kreening of ionized impurity mattering 
depend on temperature, resulting in a temperature increase 
of the ionized impurity contribution to the mobilities. 
This effect becomes signiftcant at temperatures exceeding 
about 40 K. Since it these temperatures the mobility is 
phonon limited, the weak temperature dependence of ion- 
ized impurity sattering does not affect the temperature 
dependena ^ the total mobility. 

in our approach the remote impurity concentriiion is 
determined by the equilibrium condition for the Fermi ener- 
gy." Therefore, the only nitini parameters in our calcula- 
tions are the background-ionized impurity concentration and 
the remote ionized impurity concentration in the spacer. In 
practice, the aim is to minimize residual impurity concentra- 
tion in both the spacer and in the well. In the following 
mobility alculation we will neglect the spacer contribution, 
since at similar residual impurity levels the sattering effi- 
ciency by background impurity in the well is far greater than 
by those loated in the spacer." Polar opiial phonon 
sattering in a three-dimensional approximation, appropriate 
for bulk GaAs (Ref. 14) was included at higher tempera- 
tures. We did not include interface roughness scattering" 
since extremely flat interfaces are (abriated by molecuiar- 
bcam epiuxy (MBE); in these structures alloy disorder 
sattering (inherently present and included in our atcula- 
tion) an be more important than sattering by surface 
roughneia. 

Electron mobilities were cakutated assuming that the elec- 
tron gas remains degenerate over the considered range of 
temperatures and electron densitiea. Therefore, the total re- 
laxation lime wu obtained from the sum of the individual 
sattering rates. Parameters used in alculations were taken 
from Refa. IS and 16. 

The contribution of the various sattering processes to the 
temperature dependence of the electron mobility in the 
range 2- 100 K is shown in Fig. 1. It it teen that with de- 
creasing temperature the predominant sattering mechanism 
abifts from polar optical phonona (dominant for T > 90 K) 
to acoustic phonons (for the range of $0i^ T> 15 K) and 
nnaily to ionized impurity sattering, which determines the 
mobility nar 0 K. 

The temperature dependena of the total electron mobili- 
ty, result jflg from the contributions of all sattering mechan- 
isms, is shown as a solid line in Fig. 1. Experimental mobil- 
ity data are also shown (solid circles) from measurements 
on state-of-the-art, very-high-purity GaAi-GaAIAs struc- 


tures. It is seen that the agreement betwan theory and ex- 
periment if very good. If the contribution from background 
impurity sattering is deducted from total electron mobility, 
then we obuin a mobility limit which ve refer to as ‘'in- 
herent.” As seen in Fig;, t, at tow temri.-atures the total 
mobility values are somewi«at lower than the inherent mo- 
bility values, as are the experimentally obtained values. 
This differena is. of course, readily accounted for by the 
presena of impurities in GaAs at a level of about iQ>t 
cm~’. An absolute mobility limit an be arrived at by 
deducting from the total electron mobility the sattering 
contributions from background and remote iv.npuritie5 (Fig. 
t). This absolute limit, however, is not realizable sina the 
presena of remote impurities is neassary as they provide 
the electrons to the two-dimension^ t gas in GaAs; thus, the 
“inherent" mobility must be considered as a realistic limit. 

At constant temperature the electron mobility in a two- 
dimensional gas depends on the gas density, This depen- 
dena results primarily from the energy dependence of the 
sattering rates. However, as seen in Fig. 2, in the ase of 
alloy disorder sattering a strong additional electron density 
dependena derives from the increased penetration of the 
electron gas into the GaAIAs layer, with increasing electron 
density. As has been discussed previously, a pronounced 



FIG. 2. Eiectron mobitily at S and 77 K vs imerface carrier densi- 
ly. Solid and open Circle* oonespond to the experlmemal data ol 
Ref. 7 measured in (he dark, and under illumination, rccpeetivcly. 
Theoretical mobllilies were catculaiad using remote and 
twckground-ionieed impurity conanirtiioos of l.txiO'* and 
lx lo" em~’. respectively. The insert shows the eflect of imenub- 
bend etattering. The upper curves correspond to the inirasubbind 
mobility, while the lower curve* include ibe effect of iniersubbsnd 
acslicring with broadening parameter r • 0.5 meV. 
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drop in electron mobility occurs it about 7 k 1|}>> cm~^ 
resuitlng from the onset of the intersubband scattering. 
The contributions of the intersubband scattering to indivi- 
dual scattering processes are shown in the insert of Fig. 2. 
The total electron mobility, obtained from the sum of all 
contributions to electron scattering, is shown for S and 77 K 
in Fig. 2, together with experimental results of Ref. 7 which 
were obtained using persistent photoconductivity to vary the 
electron density;** it is seen that the agreement is very 
good, assuming a background impurity concentration of 
lx 10'* cm~*. It should be noted that the experimental 
mobilities, as a function of electron concentration, exhibit a 
maximum at about iVj<=7vl0" cm** consistent with our 
theoretical finding (Fig. 2). The inherent mobility limit 
(i.e., assuming no background impurity scattering) at 5 K is 
also shown in Fig. 2. It is seen that the upper limit is ap- 
proximately 2xl(^ cmWs for A(,=s7x|0'* cm“*. 
Although it is of no practical significance, we also show in 
Fig 2 the absolute mobility limit, i.e., assuming neither 
background nor remote mobility scattering. 

A very important characteristic of the GaAlAs-GsAs 
structure is the undoped OsAiAs spacer width; by increas- 
ing the spacer width, the efficiency of remote impurity 
■cattering is decreased and concurrently the density of elec- 
trons transferred to the welt is decreased. Therefore, there 
must be an optimum spacer width, at which point the con- 
ductivity (the product of mobility and electron density) 
reaches a maximum. 

The dependence of the electron mobility on spacer width 
tl S K is shown in Fig. 3. It is seen that the total mobility 
reaches a maximum; the spacer width at which this max- 
imum occurs decreases with increasing background impurity 
concentration. Actually, the inherent mobility limit (no 
background impurity scattering) increases with spacer width 
and tends towards a phonon-limited value at large spacer 
width, which is also in agreement with experimental trends, 
as reported in Ref. 7. 

In conclusion, we proposed a model for the electron mo- 
bility in two-dimensional electron gas which look into con- 
sideration intersubband scattering. Mobility limits were thus 
deteimined as functions of temperature, electron density, 
and spacer width in GaAIAs-OaAs heterosiruciures. These 



FIG. i. Eleclon mobility values «t maximum oonductiviiy 
vs spacer width for Cso>Alo]As-CiAs heterosiruciure si 5 
K. The “total" curve corresponds to s background impuriiy con- 
oemra'on of lx 10" cm“*. 


calculations provided a good description of recently reported 
high electron mobility characierlsllcs in such heterostruc- 
lures. 

The authors gratefully acknowledge Dr. Hiyamizu for fur- 
nishing experimental data prior to publication 1'he authors 
are also grateful to the National Aeronautics and Space Ad- 
minisiiativn for financial support. 
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ON THE DISLOCATION DENS ITT IN MELT-GROWN G«As 

J. Lagovski, H, C. Catos, T. Acyama' and D. C. Lin 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

ABSTRACT 

Ve have discovered a striking relationship between the dislocation 

density and the Fermi energy in nelt-grown CaAs. Thus, a shift of the 

Fermi energy from 0.1 eV above to 0.2 eV below its high temperature (1100 K) 

intrinsic value increases the dislocation density by as much as 5 orders 

of magnitude. The Fermi energy shift was brought about by n- and p-type 

17 -3 

doping at a level of about 10 cm i.e. one to two orders of magnitude 
below that commonly employed for impurity hardening. The pronounced role 
of the Feral energy in dislocation dansitites must be associated with the 
dependence of the point defect interactions on the charge state of these 
defects, i.e. on the occupancy of the associated electronic levels. It 
appears most likely that these interactions and thus the dislocation den- 
sity are controlled in a critical manner by Che concentration of gallium 
vacancies. Similar post-solidification defect interactions were recently 
proposed in order to explain the formation of the antisite defect As^^ 
and the aessoclated midgap level EL2. Our findings permit the identifica- 
tion of regimes of thermal stress, stoichiometry, Fermi energy and im- 
purity hardening which are of fundamental importance in the formation of 
dislocation in the melt-grown GaAs. 

(p'j 

' On leave from Hitachi Research Laboratories, Ibarakl, Japan. ' 

Presented at the Third Conference on Semi-Insulating IIl-V Materials, 

Warm Springs, Oregon, April, 1984. 



INTRODUCTION 

A reduction of the dislocation density in nelt-groun single crystals 

* 

is perhaps the aost Inportonc materials problem in GaAs IC's technology. 

Dislocation free GaAs is commercially available but only heavily doped 

18 19 **3 

with a donor concentration tanging from 10 to 10 cm . Seml*>lnsula'- 
ting material, currently used for IC's has been recently obtained dislo- 
cation-free by utilizing doping with isoelectronic impurities (group III 
ai.d V elements) at a level of 10^^ to 10^® 

It has been a common trend to treat dislocations in melt-grown crys- 
tals, and particularly in crystals grown by the Czochralskl liquid encap- 

(2 31 

sulated (LEG) technique, within a framework of critical stress models. ’ 
Such models assume that dislocations are generated in the solidified ma- 
terial when thenual stress exceeds certain critical values, which Is . 

supposed to be a well-defined characteristic of: the material. 

n i) 

Impurity effects on dislocation density^' ' 'have been attributed to 
various mechanisms of blocking the propagation of dislocations (e.g. strong 
localized boundingP^dlfferences in cecrahedrnl radii between the impurity 
and the host acoms|®^ and impurlty-d«fect blocking complexesf^^ They are 
phenomenologically treated as impurity hardening effects which increase 
the value of the critical stress. Such treatment Is an extentlon of that 
developed for elemental semiconductors (Ge and Si) and it does not take 
into account the unique stoichiometry aspects of GaAs related to a finite 
existance region. It Is of interest to note that the effects of stoi- 
chiometry on the dislocation density in GaAs were originally reported in 
( 8 ) 

the mid 60' s. ^ The systematic demonstration of the critical role of 
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stoichiometry in the generation of dislocation has been provided in our 
recent study on CaAs grown under ainimized thermal stress by the horizon- 
tal Bridgman method in which stoichiometry is controlled (and varied) by 
controlling (varying) the arsenic source temperature, Ve have found 

that the dislocation density exhibits a sharp and very pronounced minl- 
mum at an optimum arsenic temperature 617 ± 1*C. We have further 

found that growth under "off stoichiometry" conditions leads to high dis- 
location densities which exceed those found in crystals grown under pro- 
nounced thermal stress. It has been suggested that stoichiometry 
also plays ati important role (in the form of stoichiometry dependent crit- 
ical stress} in dialocatlon formation during LEG growth of GaAs. 

In the present communication we present experimental results which 
shed a new light on the role of defects in the dislocation formation In 
GaAs grown \mder low thermal stress; we show that In moderately doped crys- 
tals the dislocation density is controlled &y the Fermi energy. 

EXFERIHEMTAL 

2 

Single crystals of GaAs with a cross-sectional area up to 2cm were 
grown itsing a horizontal Bridgman apparatus especially designed for the 

/ON 

precise control of growth parameters. ' The growth was carried out in 
a high purity fused quartz boat (specially treated to prevent the melt 
from wetting the boat) or in a pyrolytic boron nitride boat. 

A aeries of experiments were carried out to Investigate the effects 
of stoichiometry on the properties of GaAs. In these experiments the ar- 
senic source T^, temperature was decreased (increased) from 623*C to 
610*C (from 610*C to 623*C) in discrete steps of 1*C to 2*C at 1 to 2 hour 



Incervals cairresponding Co I to 2 cm of growth. The corresponding melt 
campositlon ranged from approxlnately 0.49 (610*C) to 0.51 (623*0 ato»- 
fractlon of arsenic. 

Undoped, Si-doped and Zn-doped growth nelts were enployed in these 

experiments. The crystals with free carrier concentrations (both holes 

16 -3 

and electrons) below 5 x 10 cm were grown with addition of to the 

melt in order to reduce the silicon contamination. The carrier concentra- 
tion was determined from Hall effect and conductivity measurements. Dis- 
locations were revealed using molten KOH etching. 

RESULTS AND DISCUSSION 
Effect of Stoichiometry 

Our previous investigation of lightly doped n-type crystals has shown 
a striking correlation between deviations from stoichiometry and disloca- 
tion density. Ve have established an optimum arsenic source temperature , 

617 ± 1*C, which leads to a minimum dislocation density. The present 
growth experiments confirm these results and further show that the same behavior 
is also characteristic in llgthly doped p-type GaAs crystals. 

In Fig. 1 we show the dependence of the dislocation density on the 
arsenic temperature for p-type and n-type GaAs crystals with a free 

carrier concentration of about 10^^ cm"^. A minimum dislocation density 
3 -2 

of about 10 cm is obtained at an optimum tecqjerature 617 t 1*C. Devia- 
tion from this temperature leads to an increase of the dislocatin density 
by as much as two orders of magnitude l.e. tc dislocation densities which 

are comparable to (or even higher than) those found in GaAs crystals grown 

(i-3) 

under large thermal stresses. 



In Fig. 2 we show Komarski concrasc photomicrographs of etched sur- 
faces of three segments of a p-type crystal; These photomicrographs show 
sharp changes In the dislocation density during groi’th in reaponse to 
stoichiometry changes. Dislocations rapidly vanish in the crystal as 
becomes closer to the optimum value. On the other hand dislocations are 
generated as 1$ shifted away from an optimum value. Exactly the same 
behavior has been observed previously in lightly doped n-type GaAs. Tliese 
findings indicate that non-stoichionetry induced dislocations 
do not readily propagate with progressing crystal growth; accordingly 
they must be in a form of dislocation loops rather than edge dislocations. 
Effects of Doping 

He have reported previously that, in crystals grown under carefully 

minimized thermal stress, n-type doping constitutes a very effective means 

for 'the virtual elimination of non-stoichiometry induced dislocations . 

This dramatic effect of doping is observed for a donor concentration of 
17 -3 

about 10 cm i.e. significantly smaller than those involved in impurity 
hardening phenomena believed to block the propagation of stress induced 
dislocation. This relatively low level of doping is quite suffic- 
ient CO convert crystals with high dislocation densities, grown imder 

arsenic deficient conditions (T^ “ 6l3“c, 'v. lO -10”cm ) to dislo- 

-2 

cation free material < 100cm ) , The same is also true for crystals 
grown under arsenic rich conditions. 

The effect of p-type doping is very different from that of n-type 
doping. The differences are evidenced by Che Nomanski contrast photomicro- 
graphs of Fig. 3. It Is seen that for crystals grown under optimum 
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atolchlomecry Increase in the acceptor concentrators increases the dis- 
location density in contrast to the effect resulting from an increase of 
the donor concentration. It is also seen in Fig. 3 that jC;aAs with a hole 

concentration of about 5 x 10^^ exhibits a high dislocation density 
4 5-2 

(5 X 10 to S X 10 cm ) which could not be minimized to any signifi- 
cant extent by the optimization of the arsenic source temperature. The 
effects of the conductivity type and carrier concentration on the dislo- 
cation density in CaAa grown under optimum are quantitatively summarlz 
in Fig. 4. It la seen chat the transition form n-type to p-cype material 
enhances the dislocation density by as much as five orders of magnitude. 
Ttie Role of Fermi Energy 

The key to understanding the formation of dislocation In GaAs grown 
under low thermal stress lies in the finite existence region of GaAs. 
Accordingly Che type and concentration of point defects (especially of 
vacancies and their conq>lexes) in e solidifying crystal is controlled by 
the melt composition (i.e. the arsenic source temperature). During the 
post-solidification cooling defects in the crystal become supersaturated 
and interact forming other defects such as defect complexes and disloca- 
tions . 

We have suggested, in conjunction with the antisite defect model of 

EL2, that Che relevant defect Inceracclons'are controlled by the migration 

( 12 ) 

of gallium vacancies. The same model uC gallium vacancy migration 

can explain the effects of the conductivity type and of the carrier con- 
centration on the dislocation density in GaAs. The formation of dislo- 
cations In GaAs upon condensation of vacancies requires the participation 


f 



of defects from both the Ca aad As sublattices. However, the process can be 
initiated by only one type of defect, such as since the oorresponding 
defect, can be created upon migration of The point defects in 

GaAs lead to localised electronic levels. The occupancy of the levels, 
l.e., the charge state of defects Is controlled by the Perml energy. The 
charge state of defects determines their concentration, migration and abil- 
ity to coalesce. 

Transition from p- to n-type fJaAs caused by Intentional -doping 
shifts the Fermi energy upwards in the energy gap increasing the concen- 
tration of negatively charged acceptor-type defects and decreasing the 
concentration of ionized deep donor levels. According to ref. 12 critical 
post-solldificatlon defect interactions take place at a temperature of 
about 1100 K. Thus, In Fig. 4 we have Indicated the Fermi energy values 
of 1100 K corresponding to the carrier concentration at 300 K. The 

correlation between the Fermi energy and dislocation density is evident. 

The plateau of dislocation density coincides with a constant Fermi energy. 

On Che n-type region the dislocation density decreases when the added 
donor concentration becomes comparable to (or higher than) the intrinsic 
carrier concentration at 1100 K; n^(1100 K)} while on the p-type region 
the dislocation density increases when the acceptor concentration becomes 
comparable to n^dlOO K) . This relationship is consistent with the crit- 
ical role of a gallium vacancy which in GaAs leads to an acceptor level 
close to the middle of the energy gap. The downward shift of Fermi energy 
caused by n- to p-type translstion increases the fraction of neutral gallium 
vacancies idiich promote condensation and Swollen of vacancies required for 



the formation of dislocations. 

It la of Interast to note that the importance of gallium vacancy has 
previously been suggested in accounting for the stoichiometry effects 
and also in conjunction with donor impurity hardening in dislocation 
blocking by complexes of donor atom-gallium vacancy. The role of 
Fermi energy hi.s been discussed in the dislocation model as a factor alter- 
ing the propagation of dislocation and thus also affecting the low temper- 

(4) 

ature value of the critical stress. To our knowledge the correlation 
between Fermi energy and dislocation formation in GaAs reported here is 
established for the first time. 

Different Regimes of Impurity Effects on Dislocations 

The present finding together with literature data made it possible 
to define regimes of fundamental Importance in the formation of disloca- 
tions in melt-grown GaAs. Two mechanisms of dislocation formation should 
be distinguished: (1) stress-induced glide dislocations which are gener- 

ated by an excessive thermal stress; and (2) nonstolchiometry-indi ced dis- 
locations which are generated upon condensation of excessive vacancies 
into dislocation loops. As shown in Fig. S, dislocation densities corres- 
ponding to both of these mechanisms overlap over a wide range of the dopant 
concentration. In strictly undoped material (without electrically active 
or Isoeler.tronic Impurities) the lowest dislocation density is controlled 
by the stoichiometry. The Fermi energy effects on the nonstoichiometry 
induced dislocations are significant for dopant concentrations exceeding 
about 8 X lO^^cm Donor-type impurity at concentration 2 x lO^^cm ^ is 
sufficient to eliminate completely nonstolchlometry dislocations while 
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acceptor Impurity Increases Che dislocation density. 

The thermal stress -induced dislocations are generated at a tempera- 
ture which is much closer to the melting point than 1100 K corresponding 
to nonstolchlometry dislocations. Thus> the effects of Perai energy on 

propagation and multiplication of stress-induced dislocations would re- 

Id *3 

quire high concentration of electrically active dopant, exceeding lO'*’ cm . 

As shown In Fig. 5, this concentration range overlaps with that considered 
in other "Impurity hardening" phenomena. GaAs free of stress-induced dis- 
locations is typically grown with electrically active dopant of concentra- 
X8 "“3 

tion well above 10 cm or with even higher concentration of isoelectronlc 
dopants. The effectiveness of impurity hardening in GaAs is a function 
of stoichiometry. 
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FIGURE CAPTIONS 

. Dislocation density vs. arsenic source temperature 
(stoichiometry) for lightly doped n- and p-type CaAs. 

. Photomicrographs of etched crystal surfaces from 
different segments of a CaAs crystal. 

« Photomicrographs of etched surfaces of GaAs crystals grown 

under different arsenic source temperatures and under different 
doping conditions.' 

. Dislocation density vs. 300 K free carrier concentration. 

Upper portion shows the corresponding values of the 
Fermi energy at 1100 K. 

. Schematic diagram of dislocation density in CaAs vs. free 
carrier concentration and conduction type. 
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OXXGEN-REUTED MIDGAP LEVEL IM .CaAs 

(a) 

J. Lagowski, D. C. Lin, T. Aoyana and H. C. Gatos 
Haasachusetts Institute of Technology 
Caabridge, Massachusetts 02139 

ABSTRACT 

We establiched that In Bridgman^ as well as In Czochralski-LEC- 
grown GoAs there is a deep level related to oxygen, ELO. with essentially 
the same activation energy (825 ± 4 neV) as EL2; however, the electron 
capture cross section of ELO is four times greater than that of EL2. 

In conjunction with measurements on "oxygen-free crystals!’ containing 
only EL2 we formulated practical procedures for the evaluation of the 
[EL21/[EL0] concentration ratio from DLTS measurements. The XR absorp- 
tion spectra of <*aAs containing only EL2 and CL2 -f ELO were found to be 
essentially the same Indicating the need to re-examine the absorption 
characteristics of ELS. The present results answer the question of long 
standing as to whether or not oxygen Is responsible for a deep level and 
confirm recent finding that EL2 Is not the only midgap level in melt- 
grown GaAs, 
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INTRODUCTION 

Deep energy levels In wit-grown GaAs have received a great deal of 
attention ea coopenaatlng centers responsible for the high resistivity 
material required for IC applications. The complex electrical and optical 
properties of this material have been commonly interpreted in terms of 
"the one deep level model” with only one midgap donor referred to as EL2. 
However, most recent discoveries of midgap levels ocher than EL2 (1), and 
especially of the oxygen-related level ELO, (2-'«) have demonstrated that 
the aieplistic one midgap level (EL2) concept of melt-grown GaAs cannot be 
valid. These findings raised once again Che question of long standing. 

Is oxygen involved in midgap energy levels in melt-grown GaAs? Ve have 
addressed this question in our extensive experimental studies In the last 
three years. Our results (5) confirmed, the earlier findings (6) of the 
oxygen-induced suppression of Si contamination. We have also identified 
indirect effects of oxygen doping (5) such as increase of the electron trap con- 
centration, a decrease of the excess carrier lifetime and Che suppression 
of Che 1.2 eV luminescence band, 'nteae effects resulted from get taring 
the silicon impurity from -the GaAs melt rather than from direct oxygen 
involvement in electrically active centers. 

In our moat recent study (3) we have succeeded in the identification 
of an oxygen-related midgap level, ELO, in brldgman-gxown GaAs which ap- 
pears to be very similar to the midgap level in oxygen implanted GaAs (2) 
and in LEC GaAa (1) , In the present communication we discuss Che proper- 
ties of ELO and compare them with those of the native defect level EL2. 


Ue also present practical aeans for distinguishing between the two 

midgap levels. 

mERIMENTAL 


"Oxygen**doped" GaAs crystals were grown in a horizontal Bridgnano 

type (HB) apparatus utilizing quartz or FEN boats. Oxygen doping was 

realized by adding Ga^O^ to the GaAs charge saaterial at a weight fraction 

-3 

ratio q varying from zero ("oxygen free" crystals) up to 10 , 

or by filling the growth ampul with oxygen gas to a pressure up to 300 
Torr (at room temperature) . The upper limits of added oxygen exceeded 
by about one order of magnitude the doping range utilized in the study of 
ref. 7 which failed to recognize any midgap levels other than the £li2. 

The oxygen concentration in our "oxygen free crystals" was below 

16 *3 16 “3 

10 cm , and in the heavily doped ones it was 1 to 4 x 10 cn , as deter- 
mined by SIMS analysis. Our heavily oxygen-doped crystals remained con- 

16 ■•3 

ducting (electron concentration ranging from 0.5 to 2 x 10 cm ) due to the 
presence of sulfur impurity in the stcrting material. 

Deep level characterization was carried out using transient capaci- 
tance measurements, photocapacitance transients (induced by monochromatic 
light) and optical absorption measurements. The features of our trans- 
ient capacitance aystem Included: (a) DLTS with variable duration filling 
pulses; (b) direct determination of the capacitance relaxation, c(t), by 
recording with a signal averaging technique; the various nSasurements 
could be electronically stored and directly compared, (c) precise temperature 
control and monitoring with an absolute accuracy and reproducibility 
better than 0.I”C. 
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RESULTS AMD DISCUS5I0M 
Midgap Level Paratpetera 

Tha prloHiry difficulty in studying ELO stems from the striking simi- 
larity between its parameters and those of EL2. Accordingly» when both 
ELO and EL2 are simultaneously present their unique separation is hardly 
possible without reference to standard taaterlal containing only one mid- 
gap level. 

In our study the crystals grown without oxygen doping and containing 
only EL2 were used as reference. In Fig. 1 we present Schottky barrier 
capacitance transients corresponding to electron emission from midgap 
levels in oxygen-free and in heavily oxygen-doped GaAs. The capacitance 
relaxation, C(t), in oxygen-free material (Fig. la) is perfectly exponen- 
tial consistent with the standard emission equation for a single deep 
level 6C"jC^e S where t Is tine, Is the magnitude of capacitance 
change, and e^ is the emission race. The oxygen-doped crystal (Fig. lb; 
exhibits a two-component exponential transients 5C«dCfe + 6C|e~^®^, 
with the slow component corresponding to EL2 emission as measured in oxy- 
gen-free material « By subtracting the EL2 component we separated the 
transient corresponding to ELO and thus we were able to determine the ELO 
emission constant e^ and Che ELO concentration (from <SCp . Ue have carried 
out such analysis of capacitance transients recorded over a wide tempera- 
ture range 270-450 K. The results are summarized in Fig. 2 In Che form 

2-13 

of thermal activation plots T e vs 10 /T for EL2 and ELO levels. Least 

square analysis yields for EL2 an activation energy * 615 t 2 meV and 

-13 2 

an electron capture cross section o ■ (1.2 ±0.1) x 10 cm ; the 

•lo 
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corresponding values for £L0 are £, ■> 825 ± 5 meV and 

A 

—13 2 

• (4.8 t. 0.6) X 10 ca , En^irlcal formulas for emission 'rates are: 


for EL2; 


3.53 X 10 


(^) sec-^ 

(1) 



for ELO! 


_ 6.84 X lO"^ 
"* „2 

exp 


(2) 


where T is the absolute teoperature in K. 

We consider the above EL2 parameters more accurate than any previous- 
ly published ones due to a much greater range of experimental data (8). 

We propose that these values be used as standards for midgap level iden- 
tification in GaAs. 

It is not clear at present whether oxygen is directly and solely 
responsible for the nidgap ELO level. Theoretical study (9) and experi- 
mental data extrapolated from (10) indicated that an energy 

level of $>xygen atom on arsenic site should be located In GaAs about 
0.79 eV below the conduction band» l.e., very close to ELO energy. 

ELO Concentration 

As pointed out above, the activation energies of the electron emis- 
sion rates are very similar for ELO and EL2. Accordingly, both Individual 
levels exhibit DLTS peaks of Identical shape. However, the ELO peak tem- 
peratuve ^ is shifted to a temperature lower than that of the EL2 

£LiU 

peak, larger value of the electron capture cross section 

(o (ELO) “ 4a_„(EL2)). Using the emission rate formulas 1 and 2, the 

lid HQ 

DLTS peaks can be exactly calculated for any given boxcar gate setting 


€ 


BT 
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ti/c^ (or an emission rate window (t2-tj^)/ln When ELO and EL2 

are simultaneously present at concentrations and ^£^2* respectively, 

the resulting DLTS peah will occur at a temperature, dependent on 

the concentration ratio of the two levels. As shown in Fig. 3, the' involve- 
ment of two levels in an overal DLTS peak is not by any means evident. 

The half width of the overall peak is only marginally larger than the half 
width of the component peaks corresponuing to the individual levels. It 
is thus clear that ths Involvement of two levels of similar energies can 
be recognized more readily from direct capacitance transient measurements 
C(t) (Fig. 1) Chan from DLTS measurements. Nevertheless, when Che sample 
temperature is precisely monitored, the ratio accurately 

determined by deconvolution of a DLTS peak into components with emission 
races described by eqns> 1 and 2 (as done In Fig. 3). 

The relative concentration of midgap levels can be quickly evaluated 
from the position of an overall DLTS peak using the calculated values given 
in Fig. 4. It is seen in chat figure that Increase of ELO concentration 
gradually shifts "^eff from a tesqjerature characteristic for EL2 peak down 
to a temperature of ELO peak. The shift is linear with X = **elo^^'^ELO'^EL 2^ 
up to X “ 0.6. Furthermore, the shift is very similar for all rate windows. 
Thus, X can be very well approximated by a simple relation: 

X - O.OS X AT (3) 

where AT(*C) Is a difference between the actually measured peak position 
and Che position corresponding Co EL2 only, e.g. , measured in oxygen-free 
GaAs. (Both measurements should be made with the same emission rate window.) 
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ELO Identification Using Short Filling Pulses 

The above procedure assumes the identical initial occupation of ELO 
and EL2 within a depletion layer. In our recent work on ELO identifica- 
tion (3) we have discussed a very effective means for enhancement of the 
relative contribution of ELO to overall transient capacitance signal based 
on utilization of short duration filling pulses, which preferentially fill 
ELO and hoc EL2. As shown in Fig. 5a the magnitude of capacitance transi- 
ent corresponding- to EL2 decreases when a short duration filling pulse is 
used. A corresponding decrease of the EL2 peak height is seen in the 
DLTS spectrum of Fig. Sb. However, there is no shift in a peak position 
and no change in emission rate Is observed in Figs. 5b and 5a, respectively. 
In oxygen-doped GaA.s (Figs. 5c and 5d) a decrease of the filling pulse 
duration produces more significant changes. Tite increased contribution to 
ELO in respect to that of EL2 (the effect is due to larger capture cross 
section of ELO than that of EL2) Is clearly seen in capacitance transients 
of Fig. 5c. A corresponding shift of an overall DL15 peak toward lower 
tenqierature is visible in Fig. 5d. 

Using the procedures discussed above, we have identified ELO not only 
in the heavily oxygen-doped HB GaAs grown in our laboratory, but also in 
commercial HB GaAs (typically ^ in LEC-grown GaAs 

^^EL0^^EL2 0.25). The presence of ELO in these crystals is not sur- 

prising, since they were grown from melts containing oxide:? (usually 
arsenic oxide added in HB melt) or encapsulated in ^20^ (LEG) . 

Apparent Effects of Electric Field 

Preferential filling of ELO (as compared to that of EL2) is also 
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observed for loog duration filling pulses, when the magnitude of employed 
pulses is saeller than the barrier heigh (i<e., Insuf flcie'^t Co cosqilete 
the filling of all levels within the depletion region. OLTS results ob» 
tsined under such conditions could be easily misinterpreted as anomalous 
phenomena such os: an increase of the emission in low electric fields, non- 
uniform dlscribution of levels beneath the surface; or a spectrum of mid- 
gap levels rather then two levels only. 

Interference in the decerminaclon of the EL0/EL2 ratio con also 
result from apparent effects of strong electric fields on the electron emis- 
sion. Ve have investigated the effects of strong fields <up to 4 x lO^V/cm) 
using the double pulse technique of ref. 11, and we have established that 
both levels ejdiiblt a asiall field enhancement of electron emission, well 
within the range of the Foole-Frankel effect. In contrast, ve observed very 
pronounced electric field effects, however only with diodes having large 
reverse bias currents. We refer to these effects as ‘'apparent” field ef- 
fects because they originate in Schoteky diodes with poor characteristics 
rather than in the nauxe of £12 and ELO. <12) 

Optical Absorption 

It is evident that the one midgap level (£12} concept of melt-grown 
GaAs cannot be valid and that the midgap level properties of GaAs must be 
re-examined in view of the presence of more than one level. 

Re-exanination of the toidgap level properties Is especially urgent 
with respect to the Infrared absorption (13) comoonly utlllxed for the 
decemlnation of the £12 concentration in semi-insulating GaAs. In Fig. 6 
we present optical absorption and photoionization capture cross section 


C 



•pectr» foz oxygen-fre* G«As containing EL2 only and for heavily oxygen- 
doped GaAa containing ELO and EL2 in approxitaately equal concentrations. 

It la seen that the reaulta for both ctystala are alnoat the aa«e. The 
a»at plausible explanation of these results is that the optical properties 
of ELO and of EL2 are eiwllar. Indeed both levels exhibit siBilar spectra 
of electron photolonization capture cross section. Nhat is even aore sur- 
prising is that both levels exhibit quite siailar intracenter transitions 
in the region l.OS < hv < 1.1 eV manifested by the difference between the 
optical abaorptlon and the photolonization cross section (shaded areas In 
Fig. 6) . The alsdlaricies between the EL2 and the (ELO + EL2) properties 
could be accounted for if the ELO contribution to optical absorption is 
negligible in composition to that of EL2. Perhaps very precise measurements 
on crystals containing different EL0/EL2 concentration ratio (currently In 
progress) should uniquely resolve this issue. In the meanwhile, we must 
conclude that Infrared abi^orptlon neasureisents in atelt-grown CaAs should 
be treated as a measure of sddgap levels rather than as a unique xwasure 
of the EL2 only. 
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FIGURE CAPTIONS 


Fig. 1 

Fig. 2 
Fig. 3 

Fig. 4 
Fig. 5 
Fig. 6 


. C«paclc«nce transient corresponding to electron calsslon (a) from 
only one level EL2; (b) from two levels EL2 and ELO alnultaneously 
present. 

. Emission rate thermal activation plot for EL2 and for the oxygcn*- 
related level ELO. 

. DLTS spectnm (rate window 25. 6s'~^ of heavily oxygen doped CaAs 
deconvoluted using experimentally determined calsBlon rate.; of 
EL2 and ELO vs. temperature. (Compare with ref. 1) 

. DLTS peak temperature vs. deep level concentration ratio, (see 
i:ext) 

. OLTS spectra and capacitance transient: (1) for long duration; and 
(2) ior short duration filling pulses (see text). 

. Absorption coefficient a; and photoionization cross section 
(determined from capacitance transient) for oxygen doped GaAs 
containing ELO and £L2 and for oxygen free GaAs containing only 
EL2. 
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Abstract 

The effects of strong electric fields, up to 4 x lO^V/cm, on the 
electron emission from the GaAs dominant midgap levels EL2 and ELO 
were Investigated by employing differential capacitance transients 
on GaAs-Au Schottky diodes. It was found that, in diodes with normal 
reverse bias characteristics, both levels exhibited a small field en- 
hancement of electron emission, well within the range of the Poole- 
Erenkel effect. In contrast, very pronounced "apparent" electric field 
effects were observed in diodes with large reverse bias current. 

Thus, the conflicting reported results on the magnitude of the field 
enhancenen*. of the electron emission from EL2 must be attributed to the 
characteristics of the Schottky diodes employed rather than to those of 


EL2. 
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Midgap levels in GaAs have received a great deal of attention as com- 
pensating centers responsible for the high resistivity material for XC applica- 
tions.^ The complex electrical and optical midgap-level properties of CaAs 

2 

have been generally associated vlth only one deep donor referred to as EL2. 

3 4 

However, most recent discoveries * of midgap levels other than £L2, and 

4 

especially of the oxygen-related level ELQ, have shown that the simplistic 
one mldgap level (EL2) concept of melt-grown GaAs Is generally Invalid. Fur- 
thermore, the electric field ionization of EL2 has been a controversial issue 
because of highly conflicting experimental results. Thus, a dramatic field 
enhancement of the electron emission (up cc 7 orders cf magnitude) has been 
reported. In fact, a new model of tunnel emission enhanced by coupling 

7 

with phonons was proposed to account for these results. On the other hand, 

in other studies no pronounced effect of electric fields on the electron emis- 

8 9 

Sion from EL2 has been found. ' 

In view of the importance of field ionization In the determination of the 

deep level characteristics by means of junction-based measurements, the present 

study was undertaken to investigate the effect of strong electric fields on 

the electron emission of mldgap levels particularly In the light of the newly 

Identified ELO. The same approach was employed as that in the identification 

of ELO, l.e., detailed capacitance transient measurements in conjunction with 

4 

measurements on reference crystals especially grown Co contain only EL2. 

GaAs crystals were grown utilizing a horizontal Bridgman-type apparatus 
especially designed for precise control of the growth parameters. Cr>’stals 
containing EL2 and ELO at similar concentrations were grown by adding oxygen 
in the growth ampule (at a pressure of about 100 Torx at room temperature) or 

4 

by adding equivalent amounts of Ga 202 . 


These "oxygen-doped” crystals were 
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Benlconductlng n 'v> 2 x 10 cm , due to the presence of sulfur impurity. 

Crystals containing only EL2 (and a shallower trap Et3 at concentrations 5 to 

10 tines smaller than that of EL2) were grown without oxygen doping. They 

17 -3 

were n~type, Si-doped, with n * 0.5 to 1.5 x 10 cm at 300 K (doping at 
higher levels leads to the rapid decrease of the EL2 concentration)^^. 

Schottky diodes were prepared by evaporating Au on the As (111) surfaces after 
they were chemically polished (using borax), etched in HCl and rinsed in deionised 
water. Diodes with minimum reverse bias current were obtained when the samples 
were transferred immediately after cleaning to the evaporator with a base pres- 
sure below 10 ^ Torr. 

The features of our transient capacitance apparatus Included: (a) precise 

temperature control and monitoring with an absolute accuracy and reproducibility 

exceeding 0.1*C; (b) direct determination of the capacitance relaxation, C(t), 

by recording with a signal averaging technique; the various measurements could 

be electronically stored and directly compared. 

The effect of electric fields on the emission rate was studied using dlf- 
V the same as in refs, 6 and 7.j 

ferential capacitance measurements ^ xn this approach two capacitance transients 

Cj^(t) and Cjft) are monitored following the application of filling pulses of 

a magnitude and V respectively. For small values of ('*® have 

used AV =0.1 volt), the differential transient AC(t) = C.,(t)-C, (t) corresponds 

p - Z 1 

to traps in a narrow zone of the depletion region with a well defined electric 

field value, determined by V and the net concentration of ionized impurities 

P 

* n. 

D A 

Typical differential capacitance transients obtained with GaAs containing 

only EL2 are shown in Fig, 1 (a) and (b). It is seen that at 363 K there is a 

small field enhancement of the electron emission (by a factor of about 1.5, 

manifested as a faster AC/AC^ decay) • This small emission enhancement conflicts 
with the results of refs. 6 and 7, however It agrees very well with 
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obtained with a new technique designed to mlnlmlee effects of reverse current 
' an d dopant inhomogenelt ies on deep level emission.^ 

recently reported results^ At 293 K the effect becomes more pronounced. 

The transients do conform to an experimental decay, 4C/AC^ “ exp(--e^t); it 
should be pointed out that the low field values of Che emission rate, e^, 

4 

art' consistent with the recently revised values for El.2. 

The observed behavior is consistent with the Poole-Frentel effect whereby 

the enhancement of emission from localized levels is caused by an effective 

12 

lowering of the potential barrier surrounding the trapped charge. The rela- 
tive increase of the emission i-ate in an electric field, (associated with 
the decrease of the barrier by dE(^) is e(t) /e(0)''e“ . It Is seen that the 

effect becomes less pronounced with Increasing temperature, consistent with 

-4 1/2 

the results of Fig. 1. For a Coulombic barrier in GaAs dE » 2.25 x 10 
where 6E is in eV and ^ is in V/cm. This change In the barrier in the field 
of 4 X lO^V/cm would lead to a 200-fold emission rate enhancement at 293 K and 
about 70-fold at 383 K. Experimental values are 4 and 1.5 at 293 K and 3B3 K, 
respectively. This much lower magnitude of emission enhancement is not sur- 
prising, since the deep midgap level is expected to be far more localized than 
the Coulombic centers. 

In some Instances much larger field emission enhancements were observed 
than those in Fig. 1 (a) and (b). These apparent enhancements were found to 
be Invariably associated with GaAs-Au diodes exhibiting relatively large reverse 
bias current. Typical results are shown in Fig. 1 (c) and (d). These results 
were obtained on the identical GaAs sample as those of Fig. 1 (a) and (b). 

Thus, after the results of Fig. 1 (a) and (b) were obtained from the GaAs-Au 
diode with characteristics shown In Fig. 2 (diode A), the Au layer was removed 
and the GaAs As(lll) surface was cleaned as outlined above. However, before 
the new Au film was evaporated the cleaned surface was exposed to the room 
ambient for a few hours. The resulting diode characteristics are shown in 



Fig, 2 (diode B). As seen in Fig. 1, the field enhancement of emission 
rate for diode B is 30 and 50 at 383 and 293 K, respectively, i.e. , much 
greater than for diode A. 

It should he emphasized that both diodes exhibited the same C-V 
characteristics; the same ionized impurity concentration and the same con- 
centration of deep levels. Also, for both diodes Impurities and deep levels 
were uniformly distributed vlthin the depletion layer. Thus; the large 
leakage current in diode B must be attributed to inadvertent surface 
effects stemming from oxide layers and/or surface contaminants. 

Thus , reverse bias current of a GaAs-Au diode can be responsible for high 
field electron emission enhancement apparently via Impact ionization. The 
role of the reverse bias current becomes perfectly clear by comparing two 
transients in Fig, 1 (d) designated as and they were taken at the 

5 

same low electric field, 1.8 x 10 V/cm, but under two different reverse bias 

i 0 

conditions indicated in Fig. 2: ■ -9.5 V, * 5 x 10~^A/cm^ and Vg2 •= V, 

-5 2 

•: 3 X 10 A/cm . Of these two transients only the one obtained at the low 
current density yields an emission rate which is equal to the low field value 
for EL2. For the higher current density the emission rate Is shorter by almost 
a factor of two. This result shows that the effects of the reverse bias cur- 
rent can be appreciable even under low electric fields, apparently because 
impact ionization enhances emission from the levels in the entire depletion 
region; this behavior Is in contrast to the real electric field effects (Poole- 
Frenkeleffect or electron tunneling) which are primarily associated with levels 
located In the high field zone of the depletion layer. 

The study of the electron emission from the oxygen-related level ELO (in 
the presence of EL2) was carried out using again differential capacitance 
transients, but In conjunction with reference measurements on ox\*gen-free samples 



containing only EL2. The presence of both levels led to two-component exponen- 
tial transients dC » fiCj^e ^*1 + *’*2, where and ^2 *te the enlsslon 

rates of EL2 and ELO, respectively; the slow component was the sane as 
emission from EL2 as measured in oxygen-free crystals.^* By subtracting the 
EL2 component we were able to obtain the transient corresponding to ELO. This 
procedure could be carried out reliably only for low reverse bias current 
diodes, provided, of course, the EL2 contribution was well defined fron. 

‘ reference measurements. We found that emission from ELO is essentially unaf- 
fected by electric fields. Up to fields of “vS x lO^V/cm the emission rates 
were the same as the low-field ones given in ref. (4). 

For diodes with large reverse bias currents, the separation of the 
transients is a very complex task. Nevertheless, we observed for ELO signi- 
ficant electron emission enhancements by reverse bias currents which were 
qualitatively similar to those observed for EL2. 

Our results on the electron emission from the two midgap levels are shown 
in Fig. 3. They were obtained with diodes exhibiting low reverse currents 
and thus they must be considered as representing the upper limit of the real 
effects of electric fields. These results are in agreement with those 
reported in refs. S and 9. In Fig. 3 we present also results from refs. (6,7), 
which show unusually large enhancement of the total emission rate. It was at- 
tributed entirely to field-induced tunnelling from EL2, enhanced by phonons. 

But in view of the present findings, the unusually high emission rates cannot 
be attributed to the behavior of EL2 and ELO in electric fields. They must 
be considered only apparent field effects and should be attributed to other 
factors such as impact ionization or the involvement of mldgap levels other 
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than EL2 or ELO. The very good agreenent of present results with those 
of ref. 9 Is consistent with our assignment of the apparent field effects 
to a large reverse current. 

In summary, we have Identified the real effects of electric fields on 
the electron emission rate from the two major midgap levels ELO and EL2. In 
fields up to 4 X lO^V/cm electron emission changes did not exceed a factor 
of 4, which is well within the range of the Foole-Frenkel effects. 
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FIGURE CAPTIONS 

Differencial capacitance CranBieitCa of EL2 for GaAs-Au Schoctky 
diode vish normal reverse bias current (a and b) and for diode 
with large reverse bias current (c and d)| see text. 

I-V characteristics of CaAs-Au SchotCky diode with normal 
reverse bias current (diode "A") and with Jarge reverse current 
(diode ”B">; see text. 

Emission rate of the midgap levels EL2 and ELO vs, electric 
field, 0 |« ** present results obtained with diodes of normal 
reverse bias current; A - corresponds Co experimental results 
of Ref. 6 and solid line corresponds to theoretical electron 
tunneling model of Ref. 7. The enhancement of the emission rate 
in Ref. 6 and 7 represents the apparent effects of electric field 
related to the diode characteristics. 
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Abstract 

We have discovered a striking effect of the Fermi energy on the 

dislocation density In melt-grown GaAs. Thus, a shift of the Fermi 

energy from 0.1 eV above to 0.2 eV below its intrinsic value <at 

high temperature, l.e., near 1100 K} increases the dislocation density 

by as much as five orders of magnitude. The Fermi energy shift was 
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brought about by n- and p-type doping at a level of about 10 cm 
(unde'T conditions of optimum partial pressure of As, i.e., under 
optimum melt stoichiometry). This effect must be associated with 
the fact that the Fermi energy controls the charge state of vacancies, 
(i.e., the occupancy of the associated electronic states) which in 
turn must control their tendency to coalesce and thus the dislocation 
density. It appears most likely that gallium vacancies are the critical 
species. 



It has been a common trend to treat dislocations In melt-grown crystals, 

and particularly in crystals grown by the Czochralskl liquid encapsulated 

(LEG) technique, within a framework of critical stress models,^ ^ Such 

models assume that dislocations are generated in the solidified material 

when thermal stress exceeds certain critical values. The decrease of dis- 

3*- 6 18 "-S 

location densities by electrically active impurlcids ^t levels >10 cm ■*) 

3 5“ 7 19 -3 

and by isoelectronlc impurities * (at levels >10 cm ) has been treated 

phenomenologically as impurity hardening effects which lead to the increase 

of the value of the critical stress. The effects of melt composition on dls- 

location density in GaAs were originally reported in the mid 60's. More 

recently ve have shown that stoichiometry plays a key role in the generation 

9 10 

of dislocations under minimized thermal stress. ’ By varying the arsenic 
source temperature, T^, (l.e. , arsenic partial pressure or melt stoichiometry) 
we found that the dislocation density exhibits a pronounced minimum at an 
optimum « 617 ± 1“C. We have further found that growth under '*off stoi- 
chiometry" conditions leads to high dislocation densities which exceed those 
found in crystals grown under pronounced thermal stress. 

In the present communication we present experimental results which shed 
a new light on the dislocation formation in GaAs grown under low thermal stress; 
we show that in moderately doped crystals the dislocation density is controlled 
by the Fermi energy. 

single crystals of GaAs with a cross-sectional area up to 2 cm were 
grown using a horizontal Bridgman apparatus especially designed for the 

9 

precise control of growth parameters. The growth was carried out in a high 
purity fused quartz boat (especially treated to prevent the melt from wetting 
the boat) or In a pyrolytic boron nitride boat. The arsenic source tempera- 
ture, T^, was varied in dis^^rete steps of 1® to 2°C, at 1- to 2-hour intervals 
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corresponding to 1 to 2 cm of growth. Lightly doped (5 x 10 cm ), Si- 
doped, and 2n-doped melts were employed. The carrier concentration was deter- 
mined from Hall effect and conductivity measurements. Dislocations were 
revealed using molten KOH etching. 

In an earlier study we have established an optimum arsenic source tempera- 
ture, 617 ± 1*C, which leads to a minimum dislocation density in n-type 
crystals.^^ The present experiments confirm these results and further show 
that the same behavior is also characteristic In lightly doped p-type GaAs 
crystals. Thus, In Fig. 1 we show the dependence of the dislocation density 

on the arsenic temperature, T^, for p-type and n-type GaAs crystals with a 

16 “3 

free carrier concentr.'ition of about 10 cm . A minimum dislocation density 
3 -2 

of about 10 cm is obtained at an optimum temperature 617 ± 1®C. Deviations 
from this temperature lead to an Increase of the dislocation density by as 
much as two orders of magnitude, l.e., to dislocation densities which are 
comparable to (or even higher than) those found in GaAs crystals grown under 
large thermal stresses. 

By increasing the doping level (but still maintaining it below the Impurity 
hardening regime) we foiuid that the effects of p-type doping are entirely 
different from those of n-type doping. These effects of conductivity type 
and carrier concentration on the dislocation densi'y in GaAs grown under optimum 
are quantitatively summariaed In Fig. 2. It la seen that the transition 
from n-type to p-type material enhances the dislocation density by as much as 
five orders of magnitude. 

The key to understanding the formation of dislocation in GaAs grown 
^Inlmlzed ^ 

undef/thermal stress lies In the finite existence region of GaAs, i.e., in 
deviations from stoichiometry at or very near the melting point. Thus, the 
type and concentration of vacancies In a solidifying crystal is controlled by 



the melt compoaition (l.e., the arsenic source temperature). During the 
post-solldlflcaclon cooling vacancies concentrations exceed saturation In 
the crystal, and vacancies can coalesce to form defect complexes and dislo- 
cations. The formation of dislocations from the coalescence of vacancies 
requires the participation of vacancies from both the Ga and As sublattices ; 
hence a minimum In dislocation density observed under optimum melt stoichio- 
metry (Fig. 1) is due to a minimum value of the product of the gallium vacancy 
and arsenic vacancy concentrations. In general, the formation of dislocations 
can be Initiated by only one type of vacancy, such as since the corres- 

ponding defect, V^, can be created upon migration of 

It is well known, however, that vacancies in GaAs lead to localized 
electronic levels. The occupancy of the levels, i.e., the charge state of 
the vacancies, is controlled by the Fermi energy. Obviously, the charge 
state of vacancies must determine their concentration, migration, and 
ability to coalesce. 

Transition from p- to n-type GaAs caused by Intentional doping shifts 

the Fermi energy upwards in the energy gap increasing the concentration of 

negatively charged, acceptor-type vacancies, and decreasing the concentration 

of ionized deep donor levels. According to ref. 12, critical post-solidification 

defect interactions in GaAs take place at a temperature of about 1100 K. Thus, 

In Fig. 2 we Indicate the Fermi energy values of 1100 K corresponding to 

13 

the concentration of free carriers measured at 300 K. The plateau of the 
dislocation density coincides with constant Fermi energy. On the n-type 
region the dislocation density decreases when the added donor concentration 
becomes comparable to (or higher than) the intrinsic carrier concentration at 
1100 K, while on the p-type region the dislocation density increases when the 
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acceptor concentration becomes comparable to the Intrinsic carrer concentra- 
tion at 1100 K. This relationship is consistent with the critical role of 
which in GaAs leads to an acceptor level close to the middle of the 
energy gap,^^ The downward shift of the Fermi energy caused by th n- to 
p-type transition Increases the fraction of neutral V„ which can readily 
migrate and coalesce to form dislocations. In the n-type region the fraction 
of charged Is increased, and thus their coalescence and consequently, 
dislocation formation Is Impeded. 

The thermal stress- induced dislocations are generated at temperatures of about 
l jOO-1400 K ^ 

('"which are raich closer to the melting point than 1100 K wlere nonstoichiometry 

dislocations are formed. Thus, the effects of Fermi energy on the propagation 

and multiplication of stress-induced dislocations would require a high con- 

18 *3 

centration of electrically active dopant, exceeding 10 cm . This concentra- 
tion range overlaps with that considered In “impurity hardening" phenomena. 

In summary, we have shown that the Fermi energy controls the dislocation 
density in CaAs (under minimized thermal stresses) since it controls the 
charge state of the vacancies, and thus the extent of their coalescence. 

These phenomena must characterize compound semiconductors in general. 
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FIGURE CAPTIONS 

Figure 1. Dislocation density vsi arsenic source temperature 

(melt stolchiotBetry) for lightly doped n- and p-type 
GaAs. 

Figure 2. Dislocation density vs. 300 K free carrier concentration 

for crystals grown from optiouo melt stoichiometry and under 

0 

optimal thermal stresses. Upper portion shows the corres- 
ponding values of the Fermi energy at 1100 K. 
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ELECTRON MOBILITY IN MODULATION DOPED RETEROSTRUCTURES 
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Caabridge> HassachusettB 02139 

Abstract 

A aodel for electron nobility In a two-dlnenslonal electron 
gas confined In a triangular well was developed. All major scat- 
tering processes, l.e., defomatlon potential and pleeoelectric 
acoustic, polar optical, Ionised Impurity and alloy disorder were 
included as well as intra- and Inter-subband scattering. The taodel 
is applied to two types of nodulatlon doped heterostructures, namely 
GaAs-CaAlAs and In^ jjGap^^^As-,AlQ 48^*’ former case 

phonons and remote ionised impurities ultixsately limit the mobility, 
whereas in the latter, alloy disorder is a predominant scattering 
process at low temperatures. The calculated mobilities are in very 
good agreement with recently reported experimental characteristics for 
both GaAs-GaAlAs and In^ 53^’^0 A7^^''^0 52^'^0 48^° modulation doped 


heteroatructures . 



I. 


Introduction 


Tne advent of awdulatlon (or selectively) doped heteroatructuree (HDH) 
has prompted a vave of atudieSi both theoretical and experlaental* on the two- 
dimensional electron gas (2DEG). As MDH with exceedingly high electron 
mobilities have been obtained, a new challenge associated with the under- 
standing of the transport properties of the 2DEG has emerged. 

The concept of separating electrons from their parent donora In semicon- 
ducting systems was originally proposed by Esaki and Tsu.^ However, It was 

not until Holecular Beam Epitaxy (MBS) technology was sufficiently developed 

2 

that auch structures were grown. It soon became apparent that these types 

of structures are the key to a new generation of high speed semiconductor 
3-7 

devices. 

Many of the studies concerned with electron mobility treated the confining 

potential as a square well; this treatment is only applicable to Multiple 

8 ** 11 

Quantum Well Structures. However, the highest electron mobilities have 

been observed in Single Quantum Veil Structures, where a triangular potential 

well is a better suited approximation. The framework for the treatment of 

two-dimensional electron transport in a triangular well was originally developed 

12-14 

for silicon inversion layers. This spproach was adapted to the treat- 

ment of scattering by Ionized impurities, by alloy disorder, and by surface 

15 

roughness in. GaAs-CaAlAs MDH. The treatment, however, was limited to intra- 
subband scattering, and therefore it was not applicable to higher gas densities. 
Effect of doping of CaAlAs on the electron mobility In GsAs-CaAlAa heterostruc- 
tures has been also considered. Since in MDH Ionized impurity scattering is 
8ubsts\ntlally reduced, even at low temperatures electron phonon interaction 
constitutes an important mechanism limiting electron mobility. The problem 
of electron phonon scattering has been addressed in general terms,, and the 
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difficulties a proper description of optical phonon scattering would entail, 

especially at higher temperatures, were pointed out. ** Electron mobilities 

have been also calculated for GaAa-GaAlAs MDH taking phonon scattering into 
19 

consideration, however, the calculated values are much lower than those 
20 21 

reported recently. ' A simplified approach to 2D£6 nobility calculations 

in a triangular well has been carried out by adopting formulas valid for a 

square well potential and using an effective width taken as the average separa- 

22 

tion of the electrons from the interface. In addition to these simplifications 
alloy disorder scattering was not taken Into account. ‘ 

An ioporrant feature of an electron gas confined in a 2d potential well is 
the quantisation of the electron energy In the potetitlal veil leading to a 
splitting of the three-dimensional conduction band into two-dimensional sub- 
bands. The importance of Inter-subband scattering has been Implicated in numerous 

3 6 21 23 

experimental investigations. * * > To date, however, apart from treatment 

17 18 

of the phonon acatterlngg ’ the smobility calculations of 2LEG In HDH 'have 

23 15 

been carried out conaidering only Intra-subband scattering. * 

In this paper we have formulated a model to calculate electron mobilities 
in 2DEC confined In a triangular well, taking Into consideration all major 
scattering mechanisms, and considering both intra- and inter-subband scattering. 
ni^is paper has been structured as follows: In Section II we discuss essential 

features of Che KKi used for the confinement of the electron gas. Also, the 
energetic structure of 2DEG in a triangulax veil is described. The relaxation 
times for all the considered scattering processes including intra- as well as 
Incer-eubband tTansitlons are obtained in Section 1X1. Results of this section 
are then applied in Section IV to calculate characteristics of the electron 
mobility for MDH based on various conducting systems. The results are compared 
with published experimental data. Summary and conclusions are given In 



Section V. 
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II. Electronic Structure of Single Quantum W<tll 

Ve consider the single <)uantuiii veil st the interface of two semiconductors 
of different electron affinities and hand gaps. As shown schematically in Fig. 1. 
the larger affinity semiconductor (SI at z 2^0) is nominally undoped* while the 
lower affinity semiconductor (S2 at z < 0) is selectively doped, l.e. , it 
contains the undoped region -d < z < 0 (commonly referred to as the "spacer") 
and the region z ;£ -d highly doped with shallow donors. As a result of the 
electron affinity difference, electrons from the donors in S2 are transferred 
to SI, and accumulate In the vicinity of the interface; this results in a strong 
electric field perpendicular to the Interface. This field leads to a quantization 
of the energy band strueturoi the subband energies and their separation depend 
on the electric field. In general, the electric -field varies with the distance 
from the interface, and an accurate description of wavefunctions and eigenvalues 
would require elaborate numerical calculations. However, it has been found that 
the single quantum veil of the MDH can be effectively approximated by a finite 
triangular veil. In this approach the eigenvalues and vavefonctions for the 
ground and first excited sutabands can be expressed in a simple manner, using 
one Independent parameter related to the electric field within the well. For 

e r 1 ft 

Che ground subband (0) and excited subband (1), the wavef unctions ars: *' 


b z 


, 1 , (r.z) - ♦. .. (r)x„(a) • K . \ t' ^ 




ij«j^(r,z) « (r)Xj^(3> ■ ♦kx,ky^^"T I (1^) 


(la) 


b,z . 


where (j. , (t) is the two-dimensional plane wave 

K.x,Ky 

A - {3bJb^/4(b^^-bjjb^ + b^^))^'^ and B - (b^ + 


W 



The paraoeters and were evaluated b^? comparing the roots of the vave- 
functlons and their first derivatives /or (0) and (1) subbandst given by eqs. 

(la) and (lb) with roots of corresponding wavef unctions derived front the 

Alry~f unction solutions for a triangular well. For a given effective mass of 
the electron, there is a relationship between and b^> Thus, for GaAs 

It is found that bj^ » 0.734b • which in turn gives the following relationships; 
ACi 0.47(b^) I B e 0.292b^. Therefore, the forms of the wavefimctions (la) and 

(lb) are determined by one parameter, b^. On the other hand, the parameter b^ 

is determined by the electric field within the well, or equivalently, by the 

0.36 


electron gas density, b^ ■ (N^) 

The energies of the (0) and (1) subbands are 

" ®0,1 Im*" 


( 2 ) 


(3) 


where k • (k^^tky) is a two-dimensional wavevector and are the energy band 

minima of the ground (0) and excited (I) subbands, respectively. The total 
number of electrons in the well per unit ares, l.e. , the electron gas density. 


N , is given by the equation, 


»* 


Jmax 


® nV 1-0 F 1 F i 


(4) 


where 6(E) . /o for E < o 
^,1 for Ei o 

The equation (4) is used to determine the Fermi wavevector for the electrons 
In the ground aubband. 

In our approach the energy aeparaclon 4^^ ■ electric 

field, or equivalently on the parameter, b^; For example, for the case of GaAs 
- 1.23 X 10~^^(b^)^‘®^meV. (5a) 

where is in cm"^. Thus, the critical gas density at which the Fermi 

energy Ep reaches the firat excited subband is given by, 
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10 


crlt .iHs! ^crtt 

F 8 


(5b) 


since b can be expressed in terms of N_ In the present model (see eq. (2)), 

O S' 

one has to include only two parameters, N and N , to completely define the 

8 8 

system. 


In equilibrium the transfer electrons from the doped region to the well 


15 


of the shown in Fig. 1 Is governed by the following equation;' 

, 2<N +N. ,)2 . 2 

- 5 . - ^ <« 

S i . B 


where is the conduction band energy offset, is the donor binding energy In 
the doped part of semiconductor S2, is the static dielectric constant, 
is the areal concentration of ionized donors in depleted regions of (SI) . The 
above equation was used to calculate the concentration of ionized remote impurities, 
N. » as a function of electron gas density, N , and undoped spacer width, da 

«L S 

III. Scattering Mechanisms 

There are certain features which distinguish electron transport in two- 
and three-dimensions. For example, in the case of ionized Impurities, there 
are two distinctly different types of scattering in the two-dimensional case: 
Electrons can be scattered by remote Impurities located within the doped region 
of the S2 semiconductor as well as by residual background Impurities in the SI 
semiconductor. Also, there is the possibility of scattering by interface 
charges, located at the heterojunction Interface. 

The dominant scattering mechanisms for bulk IXI-V compounds are now well 
26 

established. In our calculations of electron mobility in the 2DEG we included 
all these mechanisms, and in addition included scattering processes unique to 
the 2DEG structures, as alluded to above. We consider a range of electron 
gas densities which justifies the use of degenerate electron statistics at 
temperatures below 60 K.. Therefore, the inverse of the total relaxation 


time 1 /t can be calculated from the sum of the scattering rates for the 



Individual processes; 


- I <’> 

At higher teaperatures » relation (7) may not be valid due to the 

limited applicability of degenerate statistics » and also of the relaxation 

time approximation for the polar optical phonon scattering. However, for 

temperatures higher than 60 K the scattering in 2D£G is dominated by polar 

scattering. Accordingly, we have calculated this scattering separately using 

general Fermi-Dirac statistics in a threfc-dimenslonal approximation. In 

our calculations of electron transport, we consider the two lowest subbands 

(0) and (1). Xn general, to calculate (electron transport in such systems, one 

must treat the two subbands as coupled through intersubband (0-*l) scattering. 

For low electron gas densities, subband (1) is empty, and the conductivity 

within this subband does not contribute to the total conductivity. The major 

effect of subbsnd (X) is through the density of the final states available for 

the scattering of electrons; it Increases abruptly when the Fermi energy exceeds 

the energy separation between two subbands , Intersubband scattering would 

result in an abrupt decrease of the electron mobility for electron concentrations 
ciri t 

exceeding H . However, since the actual density of states function is broadened, 

ciri^ 

one expects a gradual increase of Inter-subband sea tterlng for N close to N . 

s s 

We Included these effects by considering the broadening to be described by a 
simple Lorentzlan function with energy independent broadening parameter T. The 
relaxation time for inter-subband scattering is then modified in the following 
way: 


^1^“^ broad 




E-E, 


unbroad . 


Alf^tan-^<::fi)]. (8) 
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OF POOR QUALITY 

Phonon scattering 

It has been shovra^^ that phonon scattering plays an important tole In 
limiting the electron mobility in III-V semiconducting compounds. The most 


Important phonon scattering processes are: (i) deformation potential acoustic, 

(li) piezoelectric acoustic, and (iii) polar optical acattering. To calculate 
the matrix elements for the appropriate scattering process, a quasi three- 
dimensional approximation was adopted, in which the perturbing potential has 
a spherical 3d type symmetry. Using the two-dimensional wavefunctions of 
equation (1), the square of the matrix elements for phonon scattering are: 


lloi^ 


where 


(bW 

o z 


d(k-k^i) 


(9) 


^ ^ • (^»*) fo*" intra-subband scattering, and 

z 2 2 

- 4A q 

ii,p - «(t - S'- j) (10) 

(. -Hip 

where a * 3B - (b^+b^)/2 for inter-subband scattering. The relaxation time 
for deformation potential scattering Is given by 


1 

o.i' 


R 

av 

2i^ 


f2-i 

de 

o . ) ~ j 


fdq^^ [qdqC^(l-CO30) { |^6 fE^($>-EQ^^(t+q) 1 dD 


where 1 refers to either deformation potential or piezoelectric scattering, 
D^k^T 

with ' 2 (;^ for the deformation potential scattering and 

e^kgTp2 

C^»C ^ — 5 — for piezoelectric acattering. e is the angle between 

t=g(q +q^) 

and D is the deformation potential constant, P is the piezoelectric 

coefficient, C. is the longitudinal clastic constant, R is defined by the 

* By 


equation, 

tiu-k- 

«av “ I^T- 


(12) 



1 


-) 
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where N 
P 


exp(- 


tm^kp 




)- 1 
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The factor approximately accounta for the phonon occupation number at very 

low temperatures, where the phonon energy Is cosq>arable to k^T. Ve have 

approximated the average wavevector of phonons participating In Che scattering 

process by the value of the electron wavevector at the Fermi energy. To a 

good approximation equals unity at temperatures exceeding 5 K. At very low 

temperatures K^O, and therefore, as seen from equation (12), the 
P 

relaxation rates for phonons saturate. 

Standard Integration of the equation (11) gives the following results for 
Che relaxation tines. 


1 

o 

r 

ac 

1 


3m*D 






R 

av 


and I/t"^ *= b b 

ac eff ac o * 


’eff “ 3 ^5 


For the piezoelectric scattering, 
1 


2 2 
e'^kjlP m* 


T® 2irct\^ 
pe s 


l(k.b^) 


3irCAk^-b^) - 4kl^,(5b^-8k^) 
where I(k,b ) ? s x-s 


16b-'(4k‘ - b‘) 
o o 


(13) 


(lA) 


( 15 ) 
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(♦: 


2 2 2 
o 



2 k 


log (- 




- b2 




2 k > b 


2 k +*K4k^ - b^ 
o 


and 


2 2 2 

j 2A^e'‘kgTP m* 

1 “ ' 

^pe 


-Arcos (— 5 -) 

2 

o 




2k < b. 






(16) 


'Xhe relaxation time scattering was obtained in an approximate 

manner. Since the wavevectors of electrons In the excited eubband are ouch 
smaller than those in the ground subband, we have assuoe-d that the wavevector 
change can be approximated by I ^ ^ ** good approximation 

CIT 1 1 

for the electron density N , which Is not much larger than M 

6 B 

Both of the aforementioned scattering processes are elastic, and therefore 

the relaxation time approximation could be used. However, polar optical 

scattering In GaAs' Is highly Inelastic, due to the large optical phonon energy, 

^Therefore. a_ proper treatment o^thls 

hb) « 36 oevV/fiiechanism Tn a twb^dimensTonal formalism, would necessitate the 
o 

Inclusion of all the excited subbands which ace separated from the Fermi energy 

by less than the optical phonon energy. The scattering rate Is thus the sum of 

many inter- and Intra-subband scattering processes over a wide energy range. 

This will result in a smearing out of the features which are characteristic 

16 

of confinement of electrons in a two-dimensional system including the 

electron density distribution within the well. Therefore, it can be argued 

that the three-dimensional approach to polar optical phonon scattering is 

justifiable also for 2DEG. Accordingly, the optical phonon contribution was 

27 

calculated using a variational method developed for bulk semiconductors. 


w 
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't: 


For MDH Involving ternary coapounds, the additional acatterlng due to 
alloy disorder potential should be included. iWo distinct types of hetero- 
structures nay be Invisaged in which the 2DEG Is confined either within the 
alloy, or within the conpound semiconductor. In the latter case, alloy dis- 
order scattering affects only the electrons which have penetrated Into the 
alloy. In the former case, practically all of the electrons are subject to 
alloy disorder scattering. As both deformation potential acoustic and alloy 
disorder scattering result from short-range potentials, there is a formal 

similarity between the relaxation times in both cases. Thus, for intra-subband 

26 29 

scattering the relaxation time can be written as * 


1_ m*xg-x)n<V>^ -0,1 

0,1 “ alloy 

^alloy ^ 


where x is the mole fraction composition of the ternary alloy, <V> is the 


alloy disorder scattering parameter, U is the unit cell volume. For electrons 


within the alloy. 



^alloy " 


1 ’ 16 ^ 

(18) 


o 



^alloy 


1 Ixj^(b) 1 dz - -jI 

(19) 


o 



with b^jj given by eq. 

(lA). However, for the 2DEG within 

the compound semi 

conductor. 

o 



T° m 

^alloy 

lx„(0 

l^dz 

(20) 

and 

ffi 



- 

alloy 

IXjj (*)|^lxj<z)l^d* 

(21) 



- 12 - 


OHiGiNAL FACil 'lU 
OF POOR QUAI.IT/ 


where 

Xg ^(*) ■ exp(i2n*\T/i?») for z < 0 ii the part t'f the vavefunctlon 

for both ground <0) and first excited subband <1), which describes penetra- 
tion of the electron gas into the alloy. For large parameter and can 

be approximately determined from the balance of the forces acting on electrons 
at Che Interface. Using the approach of ref. 15, one obtains, 


( i 

e V '^2 
s o 


N + 


"d.pi> 


( 22 ) 


and 


|Mj- 


4ire^ 
e V 

8 O 


ItK + 


^depl^ 


(23) 


where g 


I I 6 ; 3- , 

bo<a+bo>^ V 


“■*■^0 (a+b (a+b )b h ^ I 

o o o o J 

In our calculations the acreenlng of acoustic phonon and alloy disorder 
scattering by free carriers was neglected. This effect certainly should be 
included for all long-range interactions such as electron-piezoelectric acoustic 
phonon Interaction. However, it is not obvious whether the short-range poten- 
tials, such as alloy disorder and deformation potential acoustic should be 
screened by free carriers. Most of the analyses of transport In three-dimen- 
sional electron gas have neglected this type of short-range potential screening. 
Ionized ltta>urity Scattering 

The scattering of electrons confined in a triangular well by a screened 
ionized impurity potential was originally considered for silicon inversion 
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12 

layers. Ihe rulsxsclon time for t'nis scattering process can be written 

15 

in the following general fora. 

^ 2we^ 

0,1 IT" 

’ion 

- Ejj j<iJ+'qi)]|F°'^q,e)|^ (24) 

where 

F°*^(q,e) - |dz-x*(*')Xo^l< 2 ')exp<-qia-r'l), (25) 

E(q) - c^(l +^J, (26) 

and is the screening parameter defined in the appendix. 

As an approximation for the dielectric function for inter-subband scat- 
tering the dielectric function for ground subband was used. This approximation 
Is expected to be good, as long as the occupation of the excited subband is 
small. The function N^(z) represents the impurity distribution In the hetero- 
structure and is shown in Fig. la. The integration over z can be divided into 
four integrals, corresponding to remote scattering from the doped region of the 
S2 semiconductor, («:-d) the undoped spacer (-d<e<0), from interface charges at 
x"0 and from background residual Impurities in the undoped semiconductor 
(z>0). The expressions for relaxacion times due to all of these scattering 
processes are given in the Appendix. 

As discussed in the previous section, eq. (6) gives the relationship 
between the 2DEG density in the well and the concentration of remote ionized 
Impurities. Thus, the only unknown parameters are the densities of residual 

S t) 

ionized ImpuTltles in the spacer, K^, residual impurities in the well, 

and the charge localized at the interface, h ^ . Kt should be noted, however. 


dzNj(z) 


de 


ila (1-COS6 ) 

** E^q) 
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that the contribution of ionized Isspurltles located within the spacer is 

15 -3 

negligible for densities lower than about 3 x 10 cm . 

Another scattering mechanism which has been found to be important for 
silicon inversion layers is the surface (or interface) roughnesa scattering.^^ 

In the case of HDH, part of this scattering process is Included in the alloy 
disorder scattering. Furthermore » InterCacea extremely flat (on an atomic scale) 
are obtainable by the state-of-the-art KBE, and thus, this scattering mechanism 
was excluded from the present calculations. 

IV. Mobility Characteristics of Modulation Poped Heterostructures 

lattice matching represents one of the most severe limitations on achieving 

high quality MOB. To dace, three semiconducting alloy systems have been shown 

30 

to be suitable for M»!!, namely, CaAs-(Ga,Al)As, In^ jjCAq ^jAs - InP and 

^”0.53*'*0.47^”^”0.48^0.52^' the first case, the 20EG is primarily 

confined In the GaAs, whereas in the latter two cases the electrons are located 
within Che In^ s3^"o 47^* 7'able I, all the parameters used to calculate 
the electron nobility are listed. The values of the effective masses given 
are somewhat higher than for Che bulk material; this is commonly attributed 
to the non-parabotlclcy of the conduction band.^^ There is a large margin of 
uncertainty regarding Che values of the alloy disorder parameters. However, 
several studies on GsAlAs have estimated this parameter to lie in the range 
of 0. 8-1.0 eV. * In the case of (Ga,In)Aa MDH, since alloy disorder scat- 
tering dominates low temperature scattering, we were able to determine this 

31 

parameter by fitting the available experimental data with our theoretical 
model . 

The highest electron mobilities reported for MDH were obtained for the 
20 21 

(Ga, 'DAs-GaAs system * at low temperatures, tn fact, tsost of the work on 
single quantum wall-HDH has been reported for thia system. 



Teaperature Dependence ef Wobllitv 

A basic nobility characteristic of HDH» which reveals the Inportar^ce of 
the different nechanlsns, is temperature dependence of the electron nobility. 

In Figs. 2 and 3 the calculated electron nobilities In the range 1-300 K aie 
given for (GaAl)As CaAs together with experimental data of refs. 21 and 20, 
respectively. The component mobilities are also presented. At hl^b temperatures, 
polar optical phonon scattering is the dominent scattering mechanism; on the 
otner hand, at low temperatures electron mobility is limited by deformation 
potential acoustic and piezoelectric acoustic phonon scattering, together with 
alloy-disorder scattering and ionized impurity scattering. The equilibrium con- 
centration of remote lontzed impurities in the doped region of the semiconductor 
S2 is related to the interface electron density N and the spacer width, d, by 
equation (6). Therefore,, remote ionized impurity scattering is always present 
in MDH. Thus, an "inherent limit" determined by alloy disorder, phonon and 

remote ionized impurity scattering, exists for a given MbH. In Fig. 2, thb 

6 2 

inherent teoblllty limit saturates at low temperatures at about 1.5 x 10 cm /Vs; 
the experimental data points of ref. 21 lie very close to this limit, indicating 
that the other scattering mechanisms are not significant in this case. Slightly 
lower values of experimental mobility at low temperatures may be attributed 
to temperature- independent scattering processes. In fact, an excellent agree- 
ment is obtained when a small contribution from background ionized impurity 

13 ”3 

scattering at a concentration of 9 x 10 cm (which is very close to the 
ionized impurity concentration one expects for "undoped" GaAs) is included. 

This result is a clear indication that additional acatterlng mschanisms such 
as surface roughness and/or interface charge scattering ere not appreciable in 
this case. Alloy disorder is also insignificant for such low electrcr. densities. 



fjC 
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As seen in Fig. 1, these vecHanisos only contribute at very low tenperatures, 
resulting in a slight lowering of the ab.-iolute limit defined purely by 
phonons. 

In Fig. 3 experimental results of ref. 20 for MDH with spacer width of 

230 A are glvent together with the results of the theoretical calculations. 

The solid points correspond to experimental data taken in Che dark. These 

experimental nobilities are much lower chan the Inherent limit. To account 

for thle discrepancy additional contributions are required from 

scattering by background Impurityt interface charges and/or 

surface roughness scattering. The higher nobility values (open circles in 

Fig. 3) correspond to Uata measured under Illumination. Aa a result of the 

persistent photoconductivity effect. Illumination increases Che 2CEC density 

11 -2 11 -2 

in the well from 2.2 x 10 cm to about 3.8 x 10 cm . Taking this into 

account, we have calculated the total electron mobility both In the dark and 

under Illumination, assuming additional contributions from background ionized 

IS -3 

Impurities at the same level of 1 x 10 cm . Good agreement with experiment 
is seen in Fig. 3 at both electron densities. As discussed in ref. 15, the 
surface roughness scattering rate rapidly Increases (corresponding mobility 
decreases) with increasing therefore, the observed mobility Increase upon 
increase of could not have been explained if surface roughness scattering 
was Important . 

The saturation of the phonon-limited electron mobility at very low 
temperatures results from the temperature dependence of the phonon occupation 
(see eq. (12}) and leads to a saturation of the absolute electron mobility at 
X 10^ cm^/Vs for N_ ■ 3** 10^^ at 1-® * lO^cm^/Vs for N “ 2.2 x 10^^’ 

S 8 



Electron Density Dependence of Mobility 


The 2DEG density xsay be continuously varied in HDH by external means: 
for example » Illumination or gate voltage. Corresponding mobility changes 
are very pronounced, and they are of practical and fundamental importance. 

In Fig. 4. the calculated values of component mobilities of individual scat- 
tering processes are given as functions of There are tvo reasons why these 

processes exhibit dependences; first, direct dependence on k vector, and 
secondly dependence on the parameter b^. For example, acoustic deformation 
potential scattering mobility decreases with solely due to the dependence 
of b on derived using considerations of section II. Alloy disorder 
scattering exhibits the strongest dependence, which originates from the 

enhanced penetration of the 2DEG into the alloy with increasing N (see 

8 

eqs. (22) and (23). 

The alloy disorder mobilty values in Fig. A are more than one order of 

magnitude greater than mobility calculated by Ando,^^ for the same HDH and 

using the same alloy disorder potential. The reason for such a large discrepancy 

is not known at present; however, It certainly cannot he attributed to our 

approximate description of the penetration of the electron gas into the GaAlAs. 

It should be emphasized that the present model is In agreement with calculations 

reported in ref. 28. Using our formulae, we have calculated alloy disorder 

mobility limited by scattering within the barrier of InP-In(Ga)As, l.e., for 

the conditions similar to those outlined in footnote 9 of ref. 28. Adopting 

8 2 

the same set of parameters we obtain P^^loy ^ cm /Vs as compared with 

the value 9.5 x lO^cm^/Vs of ref. 28. 

The increase of the experimental mobility seen in Fig. 4 with increasing 

N may be attributed to the presence of background and remote ionized impurities. 

* 

The mobility due to these scattering mechanisms Increases strongly with 



Accordingly, as seen Irt Fig. 4, for che MDH with the spacer width d " 150 X 
the ionized impurity elecrton nobility can be expressed in the form with 

y “ 1.4 and 1.2 for remote and background impurity scattering, respectively. 

11 2 

At higher H . sraluea ( >7 x 10 cm ) , effects of Inter-aubband scattering 
are important. They result In e lowering of the electron mobility compared 
with simple intra-subband scattering, aa seen in the insert of Fig. 4. The 
most pronounced drop In the electron mobility is obtained for alloy disorder 
scattering; this may be attributed to the large overlap of the parts of the 
electron wavefunctiona for ground (0) and (1) states, wtilch describe penetration 
of the 20EG into Che GaAlAs. On Che other hand, InCer-subband scattering for 
remote ionized impurities at finite spacer widths is negligible, owing to the 
exponential factor exp(-2|l;^-ttj^(d) <see eq. (A2) of the Appendix). The combina- 
tion of all Che afocemenCioned scattering processes can provide an excellent 
explanation of che experimental dace of ref. 21, both at 5 K and at 77 K. In 

5 2 

Che latter case optical phonons were Included, with p /v 6.5 x 10 cm /Vs. 

Spacer Width Dependence of Mobility 

The basic concept of MDH is to separate che 2DEG from parent ionized donors, 
thereby limiting ionized impurity scattering from these remote centers. This 
consideration would dictate maximizing Che spacer width, d, to maximize the 
mobility. However, according to eq. (6) an increase of <! leads to a decrease 
in the 2DE6 density in the well, which has a deleterious effect on the 
electron mobility. 

Importance of high is hi^llghted in device applications of MDH, where 
one is more concerned with maximizing the channel conductivity 
rather than Just the mobility values. Fig. 5 gives the calculated component 
electron mobilities evaluated at maximum conductivities as a function of d. 
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The Inherent nobility limit Increases rapidly idth incraasing spacer widths 

6 2 

reaching mobilities of about 2 x 10 cm /Vs at large spacer widths (>3S0 A) . 

15 -3 

The introduction of 1 x 10 cm background ionized Impurities significantly 

alters this dependence, resulting in a peak mobility atci% IbO A. Higher 

background Impurity concentrations shift the peak mobility to successively 

lower d values. The background concentration as a function of d at which 

the electron mobility attains its maximum value Is given in Fig. 6; for MDH 

exhibiting high mobility the maximum shifts to very large spacer widths. 

This behavior can qualitatively explain the reported mobility dependences on 

spacer width given In the literature^ it has been found that in very high 

20 21 

mohility MDH the mobility increases continuously with d, * whereas it 

37 

has a distinct maxima for lower mobility HDH. 

In Fig. 7 the maximum inherent conductivity (maximized with respect 

CO at a given d) , is plotted versus spacer width. Also, the M and values 
8 Si 

required to maxinium sire given In this figure. The ionized impurity scat- 
tering is very sensitive to the distribution of ionized Imptirities and is there- 
fore altered by smearing out the doping profile resulting from diffusion of 
impurities into the space, or even the well. This would have an especially 
profound effect at small spacer widths. However, it should be negligible for 
KDH with larger spacers exhibiting higher electron mobilities. 

In CGa) As-Based MDH 

30 

HM based on In. /-jAs, and lattice matched to either In? or 

0.53 0.47 ' 

31 

Al. ..As have recently attracted a lot of Interest. In these struc- 

VeNo 

tures, the 2DEG is confined within the ternary compound ln(Ga)As rather than 

on a binary system (GaAs) discussed above; therefore, it has been soon 
28 29 

realized * that alloy disorder scattering should play a much more prominent 
role. We have applied our model to the In^ S3^^0 47^~^0 52^"0 48^ 



Fig. 8 gives the total electron mobility, calculateci as a function of 

temperature using the parameters listed' in Table I, and compared with the 

11 —2 

experimental data of ref. 31. As stated in ref. 31, for N >4.5 x 10 cm , 

9 

the first excited band is already occupied, and thus lnter~subband scattering 
should be Included. Ue have calculated the electron mobility including both 
intra- and Inter-subband scattering processes. It should be noted that our 
results for the Intra-subband alloy disorder scattering are in very good agree- 
ment with calculations of ref. 28 where only the ground subband was considered. 
Inclusion of the inter-subband scattering results in about 29Z lower alloy 
disorder mobility. Background Impurity scattering was calculated using the 
limits for the background ionized icpurity concentration given in ret. 31 
01^ » 0.5 to 1 x 10 cm '*}. By fitting the calculated mobilities to the 
experimental values at low temperatures, we were able to determine the alloy 
disorder scattering parameter in this system. This determination is believed 
to be very accurate, as alloy scattering Is the primary scattering mechanism 
limiting the electron mobility. Within this range of background Impurity 
concentration, we have determined this parameter to be in the range 0.55 - 
0.63 eV, which compares favorably with the bulk value of 0.60 eV as determined 
in ref. 38. 

In the case of InGaAs-GaAlAs HDH, one may expect a different electron 
mobility dependence on compared to GaAs-GaAlAs MDH. This originates from 
the opposite dependence of the electron mobility on for alloy disorder 
scattering as contrasted with ionized impurity scattering. dependence can 
therefore provide information about the relative contribution of alloy disorder 
scattering to the total mobility. 



Summary and ConclusionB 


In conclusion, ve have presented a model for electron Boblllty calculations 
vhlch Is directly applicable to single quantum well modulatlon>dcped hetexo- 
stmctures. In this model a triangular veil approximation for the confinement 
potential was used. All the major scattering processes were Included, con- 
sidering both Intra- and Inter-susbband transitions. Therefore, all the 
basic mobility characteristics o£ the 2DEG could be explained. Ve success- 
fully described electron mobility over a broad range of temperatures (1-300 K) 
and electron densities (10 -10 cm ). lliese calculations provided limits 

on the electron mobilities that are attainable in various semiconducting 
systems. In GaAs-Ge. „A1 As heterostructures the inherent mobility limit 

X 

increases with decreasing temperatures, reaching at very low temperatures a 

limit of about 2 x 10^ for x * 0.3 and at large spacer widths. On the other 

hand, for In^ S3^^0 heterostructures, alloy disorder scattering 

5 2 

limits the mobility to a level (•'<10 cm /Vs) at temperatures below 60 K. An 
accurate determination of alloy disorder scattering potential parameter , <V{ 
for InGaAs mixed crystals was therefore made. For both semiconducting systems 
considered, at temperatures above 60 K, optical phonons begin to limit the 
mobility. Furthermore, we have analyzed the effect of spacer width in 
optimizing channel electron conductivity. Our results show that for the highest 
quality heterostructures maximum channel conductivity Is only achieved at very 
large spacer widths, whereas for heterostructures exhibiting mobilities well 
below the inherent limit, an optimum spacer width Is predicted. 
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TABLE 1, Parameters employed In present publication. 


» 


MDH 


GaAlAs-~GaAs 


^"o. 53°^0. 47*^~^0. 52^"o . 48^ 


Parameter 

a f 

Electron effective 0.076m 0.05 m 

. o o 

mass, m* 


Deformation 
potential D(ev} 


Elastic cogatant, 13.97*10^^^ 

Cj (dyn/cm ) 

Piezoelectric qq^^c 

constant, P 

Static dielectric 12 9*^ 

constant, 

High freqency die- 10 9** 

lectrlc constant, e 

Optical phonon 
energy, (meV) 

Alloy disorder j^d 

parameter, <V^(eV) 

Conduction band 

energy offset, V , 0.3 

(eV) ® . 


11 ^ 

13.09 X 10 
0.034** 
13.8 ** 
10.3*» 
39.3** 

0.63 - 0.55 
0.53® 




Ref. 

33 

Ref. 

R6 

Ref. 

34 

‘Ref. 

35 

Ref. 

15 

Ref. 

31 

'Ref. 

30 



- 23 - 


REFERENCES 

(a) Fernanei^t addrees: Institute of Physics, Polish Acadrany of Sciences, 

Warsaw, Poland. 

(b) Present address: University of Toronto, Downsvlew, Ontario, Canada. 

1. L. Esaki and R. Tsu, IBM Res., International Rep. RC 2416, March 26 
(1969). 

2. R. Dingle, H.L. StKnaer, A.C. Gosaard and W. WiegiBiann, Appl. Phys. 

Lett. 33, 665 (1978). 

3. S. Hlyamlzu, T. Mimura, T. Fuji, K. Nanbu and R. Hashimoto, Jap. J. 

Appl. Phys. M, L243 (1981). 

4. X.J. Dnimmond, H. Markoc and A.Y. Cho, J, ^pl. Phys. 52 , 1380 (1981). 

5. D.C. Tsui, A.C. Gossard, G. Kaminsky and W. Wiegmann, Appl. Phys. Lett. 
39, 712 (1981). 

6. H.L. Stdrmer, A.C. Gossard, W. Wlegomnn and K. Baldwin, Appl. Phys. Lett. 
.39, 912 (1981) 

7. K.Y. Cheng, A.Y. Cho, T.J. Drunanond and H. Markoc, Appl. Phys. Lett. 40 . 
147 (1982). 

B. 8. Mori and T. Ando, Surface Scl. 101 (1980). 

9- K. Hess, Appl. Phys. Lett. XS. 484 (1979). 

10. B.K. Ridley, J. Phys. C: Solid State 3^, 5899 (1982). 

11. J. Lee, H.N. Spector and V.K. Arora, Appl. Phys, Lett. jW, 363 (1983). 

12. F. Stern and W. Howard, Phys. Rev. 163. 816 (1967) 

13. F.F. Fang and W.E. Howard, Phys. Rev. Lett. 797 (1966). 

14. T. Ando, A.B. Fowler and F. Stern, Rev. Mod. Phys. 54 . 437 (1982). 

15. T. Ando, J. Phys. Soc. Jap. 3900 (1982). 



- 24 - 


16. F. Stern, Appl. Phys. Lett. 43 . 974 (1983). 

17. P.J. Price. Ann. of Phys. 217 (1981). 

* 18. P.J. Price, Surf. Scl. 113, 199 (1982). 

19. P.K. Basuand B.R. Nag, Phys. Rev. 4849 (1980). 

20. J.V. SlLorenzo, K. Dingle, H. Feuer, A.C. Cossard, R. Hendel, J.C.M. Hwang, 
A. Kastalsky, V.G. Keramldes, R.A. Kelhl and P. O'Connor, I8DM Tech Dig. 
25, 578 (1982). 

21. S. Hiyamizu, J. Salto, K. Nanbu and T. lahlkawa, Jap. Jour. Appl. Phys. 

22, L609 (1983). 

22. X. Lee, H.S. Shur, T.J. Drumoond and H. Markoc, J. Appl. Phys. 54, 

6432 (1983). 

23. H.L. StOnner, A.C. Cossard and W. Wiegmann, Solid State Com. ‘^1, 

707 (1982). 

24. The Inter-subband scattering for SI Inversion layers was cons'Litered by 
S. Korl and T. Ando, Phys. Rev. B19 , 6433 (1979). 

25. H. Waluklewlcz, H.E. Ruda, J. Lagowskl and H.C. Gatos, Phys. Kav. B15 , 
to be published. 

26. See, for example, D.L. Rode In Semiconductors and SeaiimetalB. edited 
by R.K. Vlllardson and A.C. Beer (Academic, New York, 197S) vol. 10, 
chap. 1. 

27. W. Ualukiewlcz, J. Lagowskl, L. Jastrzebskl, M. Lichtonstelger and 

^ H.C. Gatos, J. Appl. Phys. 889 (1979). 

28. G. Baacard, Appl. Phys. Lett. 591 (1983). 

^ 29. P.K. Basu and B.R. Nag, Appl. Phys. Lett. 43, 689 (1983). 

30. Y. Culdner, J.P. Vleren, P. Volsin, M. Voos, M. Razeghi and H.A. Poisson, 
Appl. Phys. Lett.. 877 (1982), 



- 25 - 


31. A. Kastalsky, H. Dingle, K.Y. Cheng and A.Y. Cho, ^pl. Phys. Lett. 41 , 
274 (1982), 

32. K.Y. Cheng, A.Y. Che, T.J. Dt-ummond and H. Harkoc, Appl. Phys. Lett. 

40, 147 (1982). 

33. H.L. StHrmer, A. Dingle, A.C. Cossaid, W. Ulegmann and M.D. Sturge, 

Ss7l. State Comm. 29 , 705 (1979). 

34. J.S. Blakeaore, J. Appl. Phys. K 123 (1982). 

35. D.J. Chadi and M.L. Cohen, Phys. Stat. Sol. (b) 405 (1975). 

36. K. Masu, E. Tokunltsu, M. Konagai end K. Takahashl, J. Appl, Phys. 

54, 5788 (1983). 

37. T.J. Drummond, H. Markoc and A.Y. Cho, J. Appl. Phys. 52 . 1380 (1981). 

38. J.R. Hayes, A.k. Adams and P.D, Greene, In GalnAsP Alloy Semiconductors . 


edited by T.P. Pearsall, (Wiley, Hev York, 1982). 



A1 


APPENDIX 

The Incegretion In eq. (24) for the ionized impurity ecAtterlng race 
can be divided into four incegraia, corresponding to regions of different 
ionized impurity concent radon; ( 1 ) remote ionized impurity scattering from 
the heavily doped region, z < -d, with N^(z) - ; ( 2 ) remote ionized 

impurity scattering from the ions located within the spacer -d < e < o with 
Nj,(z) ■ M*. Scattering rates from the ions In both of the above-mentioned 
regions can be expressed in the form 
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1 „ c ^ 


*(nJ + (Nj-Nj)e”^‘>‘^Iqdq 


0 


(Al) 


for intra-subband scattering and 


- 2 k d 

^r.s 


<A2) 


* ^ 2^4 

for incer-subband scattering where C, ■ T 3 f ” • 

n n e" 

s s 


l> (k,o) - - ± — -- and q “ •j^{U+exp(- -5*~)]in[l+exp(-j“)}} 

^ <k+qs)^(k+o)\ ® cy V V 


a - (b^+bj)/ 2 . P^<q,bp) - [8q(q+b^)3+ qg( 8 b^ + 9b^q + 3b^q^)]^, 

r and q_ «• ~{U+exp(- 

<k+qs)‘‘(k+«)* 

14 - 

la the inverse screening length. As seen from eq. (A2), the Inter-subband 
scattering rate due to remote ionized impurity scattering depends on Che 
exponential factor exp (- 2 kpd) which becomes very small at large spacer width, 
d. Scattering from charges located at the interface with N^(z) ■ d(z) 
gives an inverse relaxation time of the forts. 


_1__ . 2C -M— 1 


Int 


° k^ 




<A3) 



- A2 


r 



for intra-subband scattering and 


-j- - 2C^P^(kj.,a)kpKj"'^ (A4) 

^Int 

for Inter-subband scattering. Although the concentration of residual 
background ionized inpurlties Is typically very small, their proximity to 
the 2DEG results in very effective electron scattering. The scattering rates 
for Intra- and Inter-subband scattering are, respectively 
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F(x) (1-2X) dx 
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vhere 

F(x) ■ - 336x -f 630x^ - 580x^ -f 264x^ - 48x^1 

t32(l-2x)(l-x)^ + e(10 - 15x + 6x^)3^ 
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FIGURE OPTIONS 


Fig. 1 


Fig. 2 


Fig, 3 


Fig. 4 


. Schematic repjresentatlm of (a) the doping profile, and (b) the 
energy configuration for a single quantum well nodulatlon doped 
heterostnicture; see text. 

. Temperature dependence of the electron nobility In CaAa-CaAlAs 

heterostructures. Points are experimental data of ref. 21 for 

11 -2 

a carrier density of 3 x 10 cm . The curves are calculated 

mobilities for this carrier density and a remote Ionized Impurity 

16 *3 

concentration of 6.6 x 10 cm . 

. Temperature dependence of the electron mobility In CaAs»GaAlAs 

hc'.teros true cure. The experimental data of ref, 20 were obtained 

11 *'2 

in the dark - • and under Illumination •• p with N ■ 2.2 x 10 cm 
and 3.8 X lO^^c^m"^ 

rfespectlvely. fne component mobilities given In the figure were 

11 ~2 

calculated with N ■ 2.2 x 10 cm . 

6 

. Electron mobility ac 5 K and 77 K versus Interface carrier density. 
Solid and open circles correspond to the experimental data of 
ref. 21 measured In the dark and under Illumination, rsepectively. 

Theoretical nobilities were calculated using remote and background 

16 “3 15 *"3 

Ionized impurity concentrations of 8.8 x 10 cm and 1 x 10 cm , 

11 ">3 

respectively. The critical concentration Is 8 x 10 cm corres- 

10 -2 

ponding to • 5 x 10 cm . The insert shows the effect of 
inter-subband scattering. The upper curves correspond to the intra- 
subband mobility, while the lower curves include the effect of the 
Inter-subband scattering with the broadening parameter r • 0.5. 


i 



• Fig. 5 


Fig. 6 


Fig. 7 


Fig. 8 





. Elcccron mobility values at aaxlmun conductivity (eN u.) versus 
spacer width for GaAs-Ga^ ^AIq ^As at 5 K. The "total" curve 
corresponds to a background Impurity concentration Sj “lx 10 cm 
. Background ionized Impurity concentration and mobility for 

GaAs-GSg ^As as a function of spacer width at which mobility 
attains its maximum value. 

. Kaxlmuffl inherent channel conductivity (maximized with respect to 
the charge density) as a function of the spacer width. The cor- 
responding charge density and remote ionized impurity concentration 
are also given In the figure. 

. Electron mobility la In^ 53 *^ 3 ^ 48^ with 80 A spacer 

width. Experimental data points are from ref. 31. The theoretical 

crit 

mobility was calculated for N taken from ref. 31 with N “ 

B 8 

11 -2 

4.5 X 10 cm and «dep “ 0. The upper and lover background ionized 
Impurity limited mobilities correspond to ■ 0.5 x 10^^ and 
1 X lO^^cm^^, respectively. Alloy disorder scattering potential 
was used as a fitting parameter. 
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PARTIALLY-CONFINED CONFICURATZON FOR CRYSTAL CROVTB 
FROM THE KELT IN ZERO GRAVITY ENVZRONM^ 

J. Lagovaki and B.C. Gatoa 
Maasachuaetta Institute of TechaolOKy 
Cambridge, Masaacbuaetta 02139 

Abstract 

A novel partially-confined conf iguration'ia proposed for the growth of 
semiconductor cryatala from the melt. A triangular prism is employed to 
contain the growth melt. Due to surface tension, the melt will contact the 
prism along three parallel lines. This partial confinement will force the 
melt to acquire an elongated cylindrical shape needed for directional 
solidification. The three empty spaces between the cylindrical melt and the 
edges of the prism will accommodate the expausion of the solidifying 
semiconductor, and in the case of semiconductor compounds with a volatile 
constituent, will permit the preaence of the desired vapor phase in contact 
with the melt for controlling the melt stoichiometry. 

Rackeround Remarks 

The advantages of aero gravity conditions in solidification in general and 
semiconductor growth in particular, stem primarily from the suppression (or 
virtual eliminatioR)i of thermal convection and solutal convection in the 
melt.(l) Aa demonstrated in early enperimenta, elimination of thermal 
convection caused impurity segregation to proceed under ideal diffusion 
control conditions and leJ to a uniform dopant diatibution and enhanced 
homogeneity of the crystala.(2,3) 

The potential advantages of space in growing compound semiconductors and 


e8peei«ll7 hcv* recently been negnifiedl by the dlacovexy of the profound 

role of the melt etoichiometry end stoiehioaetry f luccu«tiaB«.(4} Thu«» 
during the laet three yeara it haa been eBtabliahc<l that atoichionetry la the 
tingle aoat laportant growth parameter which controla all of the hey 
propertiea of aelt-^grown GaAa, naacly, coupenaaCion,{S) mobility, eaceaa 
carrier lifetina, deep levela,(S,6) dlalocation denaity(7} and reaponae to 
thetaal proceaaingiS} in a aacro~ and aicro-acalet Eliaination of aolutal and 
tfaeraal convection ahould oliainate atoichloactry f luctuationa to make it 
poaaible to achieve growth of Gaia with enhanced control of the electronic and 
atructural propertiea. 

An additional advantage of tpace environment la that melt containera nay 
be eliminated ao that contami'^sac ion of the melt can be avoided. However, 
unconfined melta acquire a apherical tbape which ia not auitabla for 
directional aingle cryatal growth. Furthermore, melta with volatile 
conatituenta cannot be proceaaed in an unconfincd configuration. 

For these reaaona in cryatal growth experiments from the melt confined 
configurations have been employed, and in particular cylindrical 
containera.(9) Regarding the growth of aemiconductor cryat^la, due to volume 
expanaion upon aolidif icatlon, confinement of the melt preaenta the aerioua 
problem of the solidifying cryatal prettlng against the confining valla 
leading to cryatal defect formation. A second major problem ariaea when a 
vapor phase in contact with the melt la necetaary during crystal growth, as 
for example, in the caae of GaAa where the preaaure of arsenic effectively 
controla the melt atoichiometry. 

To overcome these problems ''aoft confinements'* have baan considered 
whereby a suitable aoft material is poaicioned between the melt and the 
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contKiner. To our knowledge, no aueh aoft sr>atori*la b>itve been fornally 
reported. 

Id the preaent conmunication we report a novel approach to er/atal growth 
from the melt in the abaence of gravity which overcomea the above major 
probleme aaaoeiated with the growth of aingle cryatsla in apace. 

The Hew Approach 

He propoae that a triangular priam uaed to confine growth in apace 
providea an excellent aolution to the problema outlined above. Aa aeen in 
Fig. 1, the melt in a triangular prism acquires a cylindricel ahape in apace. 
Thua, the empty apacea between the cylindrical melt and the edgea of the prism 
provide the necesaary room to accommodate expanalon during aolidif ication. 
Furthermore, they conatitute three ehannela through which a vapor phase of 
controlled pres sure can be in contact with the melt during the growth proceaa. 
Xn Fig. 1, GaAt crystal growth is considered in a Bridgman-type configuration. 
An arsenic source is uaed to provide the arsenic vapor pressure desired to 
control the melt composition during growth by means of an arsenic source 
temperature. This aspect is of fundamental importance for the reasons pointed 
out above. 

The container can be shaped to achieve necking in the initietion of growth 
and thua minimize the propagation of dislocations into the crystal; it can be 
made of quarts, boron nitride, or any other material suitable for the 
particular system under consideration. Vc intend to employ the presently 
dcccribed configuration for the growth of GaAe single crystals. 

Xn summary, a novel partially confined configuration is presented for 
solidification in general and semiconductor cryetal growth in particular, 
under xero gravity conditiona. It is our expectation that the proposed 
configuration will encourage the design of new materials processing 
experiments to be carried out in space. 
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Figure 1 


FIGURE CAPTION 


Schematic representation of a partially-confined configuration 
for the growth of GaAs crystals from the melt in space. 
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